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THE REMOVAL OF SMOKE AND ACID CONSTITUENTS FROM FLUE 
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Section I.--mTRODUCTORY AND GENERAL. 

A. The Trend of Modern Requirements in Flue-gas 

Cleaning. 

Progress in the electricity supply industry has led 
to a large increase in the coal consumption of individual 
power stations and is leading to the erection of power 
stations consuming over 1 000 tons of coal per day. 

This concentration of coal consumption in a small 
area has greatly intensified certain aspects of atmospheric 
pollution, owing to the creation of “ point" sources of 
very substantial emission, i.e. sources of an order of 
emission unknown some 25 to 30 years ago. The almost 
immediate effect of the developments in power station 
“ size" has been to bring the 600-year-old question of 
atmospheric pollution to a stage insistent upon practical 
solution, for the consumption of 1 000 tons of average 
coal leads to the formation and emission of 45 tons of 
sulphuric acid, 3 to 7 tons of nitric acid and half a ton 
of hydrochloric acid, as well as to substantial amounts 

of dust. 

Three new power stations, Battersea, Swansea, and 
Fulham, indicate clearly the trend of flue-gas cleaning 
requirements in urban areas. In the past, manufac¬ 
turers of flue-gas cleaning apparatus have devoted their 
activities, mainly to the removal of grit, partly to the 
removal of dust, and not at all to the removal of the 
acid constituents in the gas emission. This is well 
illustrated in Table 1, where under the second column of 
*' Percentage removal *' it will be seen that the performance 
of standard flue-gas cleaning apparatus in removing the 
acid constituents is negligible, except for the develop- 

* Condensed form of a paper which was read before the Institution a,nd the 
North-Eastern and North Midland Centres. The full paper has been published 
in the Journal of the Institute of Fuel (19135, vol. 8, p. 119). 


ments in new apparatus referred to at the end of the 
table. 

It should be noted that the figures represent stated 
performances of plants and that the methods of testing 
were probably different in most cases and of unknown 
accuracy—except for the two cases at the end of the 
table. The table is mostly compiled from information 
given in the 1932 Report of the Committee appointed 
by the Electricity Commissionersf and in a report of the 
Prime Movers Committee of the U.S.A.J 

B. Classification of Objectionable Constituents 

IN Flue-gas Emission. 

The objectionable constituents in flue-gas emission 
can be classified logically in accordance with the process 
of their distribution after emission, for average wind 
conditions, as:— 

(1) Grit .—Solid particles of such size and density that 
the settlement rate is the major factor in determining 
the horizontal distance of travel and in fixing the concen¬ 
tration distribution in the air. In general the size is 
35 microns upwards. Commercial plant for the preven¬ 
tion of emission is available and well known, but in the 
past plant for the removal of grit has not dealt materially 

with '' dust " and " acid gases." 

(2) Dust .—Solid particles from 35 microns down¬ 
wards, constituting usually 70 per cent or more of the 
solids in flue gases. After emission the particles are 
distributed by eddy diffusion and follow approximately 
or completely the concentration distribution normally 
associated with gases. Like the acid gases they are 
brought down by rain, but to a greater extent. The 
number of particles below 20 imerons is enormous, and 


t See. Reference (1). 


X Ibid., (2). 
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they are factors in the curtailing of sunlight and in the 
production of haze, fog, and gloom generally, in the 
large urban areas. 

(3) Acid Gases .—Oxides of sulphur, oxides of nitrogen, 
and hydrochloric acid. Their concentration distribution 
in the air after emission is governed by eddy diffusion. 
Any successful wet process for the effective elimination 
of these would be a complete solution, since it would also 


C. The Distribution of Acid and Dust Emission 

FROM A Point Source. 

The distribution of “ acid '' and “ dust constituents 
in flue-gas emissions is dealt with more fully in Section II 
of the edition of this paper as published in the Journal 
of the Institute of The more detailed treatment 

there is based upon data from welbobserved phenomena 
such as the spread of cigarette smoke in a moderately 


Table 1. 


Performance of Flue-Gas Cleaning Equipment on Pulverized-fuel Boilers. 


Type of plant 


Dry Cyclone: 

Davidson cyclone 
Static centrifuge 
Centrifugal blower 
Centre vane fan and cyclone . . 
Cyclone .. 

Cyclone .. 

Centrifugal collector 
Wetted Cyclone: 

Cyclone with wetted rubber-covered 
vanes 

Cyclone followed hy Sprays 
Electrostatic: 

Make not stated.. 

Make not stated.. . . 

Make not stated.. 

Make not stated.. 

Make not stated.. 

Lodge-Cottrell (including soot-blowing) 
Lodge-Cottreil (excluding soot-blowing) 
Sturtevant 
Siemens-Schu ckert 
Wet washers: 

Modave. 

Modave .. 

U.S. Co. spray and baffles 
Tower packed with hurdles . . 
Howden-I.C.I. experimental corru¬ 
gated plate deduster 


Battersea power station .. 
(Sprays and packing) 

(With final alkaline wash) 
Howden-I.C.I. experimental grid- 
packed scrubber 


Location 

Percentag 

Dust 

fe removal 

Sulphur 

Germany.. 

60-72 

Nil 

Vitry, Paris . 

65 

Nil 

— 

50 

Nil 

Hardecke, Ruhr .. 

60-70 

Nil 

Mannheim 

•• •• •* •• 

75 

Nil 

Duisberg copper smelting works 

62-59 

Nil 

Derby . 

50 

Nil 

I.G. Works, Oppau and Ludwigshafen .. 

91 

, 20 

Duisberg copper smelting works 

92-93 

Not stated 

Vitry, Paris . . .... 

75 

Nil 

Klingenberg, Berlin . 

95 

Nil 

I.G. Leuna Works, Merseberg .. 

96-98 

Nil 

Trenton Channel, U.S.A. 

78 

Nil ' 

Leipzig ISTord power station 

97 

Nil 

H, Met. E.S. Co., Willesden 

75 

Nil 

K. Met. E.S. Co., Willesden 

81 

■Nil 

N. Met. E.S. Co., Brimsdown .. 

88-91 

Nil 

Gartenfeld cable works, Germany 

80 

Nil 

Vitry, Paris .'. 

90-95 

18 

Billingham 

95 

25-30 

Derby .. 

94 

30-52 

Producer-gas cleaner in U.S.A. 

99 

Not stated 

Brimsdown 


70 

Stoker-fired boilers, plant designed to 
remove as much SOg as practicable 

Not stated 

98 

90 

98 


I 


eliminate grit and dust. COg is not included as an acid 
gas here, because:— 

{a) The concentration distribution after emission with 

a reasonable height of chimney is such that the 

amount present under average conditions is 
innocuous. 

{b) Its low solubility in water prevents much more than 
the normal amount being brought down by rain. 
{c) It does not contribute to the production of haze 
or fog. 


draughty room, the drift of smoke from domestic and 
industrial chimneys, the drift of small balloons and water 
spray, and the diffusion of odours, as from a domestic 
chimney on fire." 

It is a matter of common observation that the tempera¬ 
ture of the flue gas has practically no effect at all on the 
spread of the smoke from an industrial chimney, as long 
as there is any appreciable wind (i.e. a wind, say, over 
2 metres per sec., or 4*5 miles per hour, or for well over 

* See Reference (3). 
















ACID CONSTITUENTS FROM FLUE GASES. 


3 


90 per cent of the time). This can be verified easily by 
anyone. Such wholesale swamping of what should lead 
to considerable vertical convection currents was, some 
50 years ago, an apparent paradox and led to the first 
investigations on eddy diffusion. These investigations 
have provided a full explanation, as far as practical 
purposes can be served, of the spread of smoke, acid 
gases, and dust, in the open air, in all cases where the 
wind velocity exceeds 2 metres per sec. They also form 
the basis of Fig. 1, which is constructed from curves 
giving a close approximation to all accredited observations 
on the subject.* 

The process of eddy diffusion can be actually seen by 
watching the drift of smoke from a chimney under 
normal wind conditions, the eddy diffusion being visible 


section being one-tenth of that at the axis, and the con¬ 
centration at the axis diminishing downwind, varying 
inversely as the square of the distance, inversely as the 
wind velocity, and directly as the mass rate of emission 
of the pollution. Such a cone will include about 90 per 
cent of the pollution emitted. The practical result of 
interposing the ground, as a plane parallel to the axis 
of the smoke drift, is to double the concentration of 
“ the freely developing cloud form at ground level. 

The above approximate method of treating pollution 
emission from point sources enables the problem of high 
chimneys to be dealt with in a simple manner, especially 
if it is remembered that the worst ground concentration 
occurs at about 8 chimney heights away from the 
chimney base. 
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Fig, 1. Mass-over-area distribution of SO 2 as averaged over the year in urban areas. The 
diagram shows the integrated density in mg SOg per m® for an industrial town of 5 km square 
burning 3 750 tons per day of coal containing 1 per cent of sulphur with a power station 
located at its centre burning 1 000 tons per day of similar coal. The curves give average 
values for the SO 2 over the axis of the power station smoke cloud in the direction of the 
prevailing wind, the rate of which is assumed to be 5 m per sec. 


in the changing contortions and convolutions of the 
smoke ribbon, A single photograph illustrates the 
mechanism of spread; a composite photograph, made 
from the superimposition of several photographs taken 
at intervals of, say, 15 to 30 seconds, shows the spread 
of the visible cone of discharge. Outside that cone there 
is invisible spread, whilst with increasing distance from 
the chimney the spreading cloud becomes more and 
more attenuated and then invisible, but the pollution 
is still there. 

For general purposes, and up to a distance of between 
1 and 2 miles, no great error will be made if the dust 
and acid pollution is taken as spreading on the windward 
side of the source of emission as a cone with a solid angle 
of 20°, the concentration at the edges of any cross- 

* See Reference (3), Appendix II. 


D. The Problem of High Chimneys. 

Atmospheric pollution must be considered under two 
types of weather conditions, viz.:— 

(i) Normal weather conditions when the wind velocity 
is above, say, 2| metres per sec. (It would be truer to 
use a limit of 2 metres per sec., but 2-| metres per sec. 
simplifies the calculations—^the average wind in Great 
Britain being 5 metres per sec.—and will introduce no 
appreciable errors.) 

(ii) Abnormal weather conditions when the wind 
velocity is below 2|- metres per sec. (as usually accona- 
panying temperature inversions, when hazes and fogs 
occur). 

For each of these types three aspects must be taken 
into account, viz. the effects produced from 

(<z) the vertical concentration and depth of the pollu- 
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tion when it is raining (as affecting buildings and 
vegetation), 

(6) the vertical concentration and depth of the pollu¬ 
tion when it is not raining (as affecting the curtailment 
in sunlight and ultra-violet rays transmitted), 

[c) the worst ground concentration. 

Clearly chimney height cannot affect considerations 
under (a) and {h) under either normal or abnormal weather 
conditions. It can hardly affect (<?) under abnormal 
weather conditions, since temperature inversions* extend 
to such a height and have such a depth of deck (through 
which diffusion upwards does not take place) that in 
general no practicable chimney height would pass 
through the deck. It can, in practice, only affect {c) 
under normal weather conditions, i.e. it can only affect 
the virtually least important of the six aspects men¬ 
tioned, since already chimneys have to be built to such 
a height as to render the worst ground concentrations 
tolerable. 

Chimney height, in urban areas, must be at least such 
that the flue gases are not brought down directly, on 
emission, by down draughts. This fixes the minimum 
chimney height at about 250 ft. (dependent on the height 
of the nearest buildings, or, say, 2J times that height). 

The only other consideration generally obtaining at 
present with regard to chimney height is that the worst 
ground concentration of sulphur, as SO^, should not 
under normal weather conditions be noticeable by smell 
and should not be appreciably inimical to health. This 
unfortunate maximum percentage as tolerated to-day 
has never been precisely laid down, but if we take a 
figure of 5 mg SOg per m^ (1 • 9 vols. SOg per 10® vols. air) 
as calculated from the mass rate of sulphur emission, we 
shall not be far out for practical purposes. Then under 
normal weather conditions, assuming a wind velocity of 
2J metres per sec., and a chimney height of 250 ft., the 
maximum mass rate of sulphur emission, in order not to 
exceed the figure just given for the worst ground con¬ 
centration, will be 12 tons of sulphur per day, or the 
equivalent of 36 tons H^SO^ per day. Most of the 
power stations in Great Britain are below this figure for 
mass rate of sulphur per day, but in future many will 
exceed it. 

Above the mass rate of emission of 12 tons of sulphur 
per day, chimney height must be increased above 
250 ft., the height being directly proportional to the 
square root of the mass rate of emission in order not to 
exceed the maximum ground concentration given above 
(that is, of course, unless complete fiue-gas cleaning is 
adopted). This is quite simply illustrated in Fig. 2. 

In Germany there are a number of power stations 
emitting pollution at the rate of about 48 tons of sulphur 
per day. This means that the chimneys must be 500 ft. 
high, if ground concentrations usual to-day in Great 
Britain and elsewhere are not to be exceeded and if the 
local inhabitants are not to be vigorously gassed. Such 
high chimneys are, in the circumstances, clearly com¬ 
pulsory and do not improve conditions from the other 
five aspects given under (a), {b), and (c), and (i) and (ii) 
above, these conditions getting worse proportionately 
to the mass rate of emission and not being afiected by 
chimney height. 

* See Reference (4). 


E. The Requirements in Flue-gas Cleaning in 
Urban Areas as fixed from Considerations of 
Emission Distribution. 

It should be noted in connection with Fig« 1 that:— 
{a) Under temperature-inversion conditions the SOg 
mass distributions (and the dust distributions which can 
be similarly obtained) are considerably increased, in 
some cases by as much as 10 times. 

{b) Average conditions throughout the year are repre¬ 
sented and that for short specific periods of time (say of 
several days), when the wind swing is only, say, 4:^° each 
side of the mean direction, the power station pollution 
would be multiplied by 10, and the general industrial 
and domestic pollution as line sources by 2 (the latter 
being almost unaffected by wind swing). 

Examination and correlation of distribution data for 
“ dust and " acids '' reveal the logical lines along 
which remedies should be sought and the extent to 
which they should be applied in urban areas. -The 
general conclusions are:— 

(1) In general, the problem of flue-gas emission is con¬ 
fined to large urban districts, where there is a combina¬ 
tion of maximum pollution and maximum incidence of 
pollution. 

(2) Whilst the presence of grit in fiue-gas emission has 
been generally recognized as being objectionable, the 
damage to property and health arising from flue-gas 
emission in urban areas results mainly from the acid and 
dust constituents on account of their nature, and of their 
distribution after emission, 

(3) Remedies should be sought in an ordered sequence, 
as indicated by the mass-over-area distribution curves for 
urban districts. This sequence agrees also with the 
progressive increase in practical difficulty to be expected 
in applying a cure to the different types of emission. 
The sequence is:— 

First. —^Power-station emission. 

Second. —General industrial emission. 

(Priority in each of these two types to be governed 
by local conditions and mass emission.) 

Third. —Domestic emission. 

(A process of slow elimination is already in being.) 

In practice, cases of mass emission in the second type, 
of an order characteristic of the first, should be included 
under power-station emission. 

(4) Dust and acid constituents should be removed 
from power-station emission in urban areas, to the 
maximum extent now practicable (as exemplified by the 
mass-over-area distribution curves) as long as the other 
two types of emission still persist—^irrespective of any 
distorted outlook on apparentcost. (Afterwards a 
higher standard may be demanded.) 

(5) Increase in chimney height may be useful for 
spraying grit over a wider area, but it is useless as a 
remedy against " acidand “ dust'" emission. Chimney 
height should be reasonable, but need not be excessive 
except when inefficient apparatus for grit removal only 
is installed. 

(Note. —^The distinction between grit and dust is 
based upon settling rate versus diffusing rate. The 
line of demarcation is about 35 microns for average 
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conditions, 10 microns or less (according to size of 
town) for urban fog conditions, and 60 to 70 microns 
for ordinary strong winds of 30 to 40 miles per hour. 
Grit settles, whilst dust diffuses laterally, and ver¬ 
tically upwards and downwards.) 

These conclusions, based upon the fundamental 
principles underlying pollution diffusion in the atmo¬ 
sphere, definitely delineate, in conjunction vdth present 
technical knowledge, the system of flue-gas cleaning 
likely to be demanded and to be acceptable for general 
application to the power stations in urban areas. High 
extraction efficiencies for the acids, dust, and grit, in 
the flue-gas emission are called for, and the only system 
capable of satisfying such requirements is a wet washing 
system. 

F. The Universality of a Non-effluent Cleaning 

System. 

Considerable restrictions already exist with regard to 
the pollution of streams near urban areas, and existing 


division of the 'plant into three sections—lime mixing, 
scrubbing, and solids separation—together with the main 
interconnections. 

The materials “ in and out'' of the complete 
plant are “ in,'* lime and a relatively small quantity of 
water, “ out," wet solids, i.e. grit, dust, calcium sulphite, 
and calcium sulphate. 

An examination of this diagram reveals that the 
process will include types of apparatus used quite 
commonly in the chemical industry, that no great trouble 
is to be anticipated with developing or working modifica¬ 
tions of existing standard apparatus included under the 
lime section and the " solids " separation section, and 
that the only serious difficulties to be expected in 
developing the process will lie in the scrubbing section, 
where:— 

(i) The initially low concentrations of SOg in the flue 
gases are not immediately suggestive of relatively small 
and compact plant, unless more effective absorbing 
surfaces than those in common use are utilized. 

(ii) Reasonably small dimensions of the " solids " 


IN 


OUT 



non-effluent lime-treated flue-gas scrubbing plant. 


restrictions are likely to become more drastic and more 
extended. It is therefore, in general, useless to solve 
the problem of atmospheric pollution at the expense of 
river^ pollution. Modern conditions demand a wet 
washing system to give the extent of the cleaning of the 
flue gases required, and a non-effluent liquor system to 
meet restrictions on effluent disposal to water courses, 
(The system, however, should be adaptable to an effluent 
cycle for those relatively few cases where effluent washing 
may be permissible.) 

In such a system the acid constituents of the flue 
gases must be fixed and removed from the system as 
solids. This means the addition, to the circulating 
liquor, of the cheapest form of alkali available, i.e. of 
CaO in the form of lime or chalk, both of these being 
available in quantity practically everywhere. 

The universally acceptable system of flue-gas cleaning 
is illustrated simply in Fig. 3, where is shown the natural 


separation section will require the handling of a relatively 
small bleed from the main re-circulating system, which 
should, therefore, be normally run with a substantial 
amount of solids in suspension, and yet, as first indicated, 
highly efficient absorbing surfaces should be incorporated 
in the scrubbing sections. 

(iii) Continuous absorption of SO^ in lime-treated and 
re-circulated aqueous media will result in the formation 
of calcium salts which readily precipitate from saturated 
solutions as scale or growths on the absorbing surfaces, 
unless means can be found to combat successfully this 
tendency and/or to control saturation or supersaturation, 

(iv) The perfect functioning of the process will require 
the development of some recording instrument, from 
which the lime slurry addition to the main circulating 

system can be easily and accurately controlled as the 
load varies. 

The first two of these will largely determine the nature 
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of the absorbing surfaces. The third will fix any 
necessary treatment of the main bod^r of re-circulating 
liquor, and may to some extent react on the scrubbing 
surfaces, while the fourth will influence simplicity in 
plant control. 

Such, then, was the general basis from which the 
authors' investigations on the complete cleaning of flue 
gases began, and which led to the development of a 
successful process. 


Section IL—THE PRINCIPAL FACTORS IN THE 
DESIGN OF TI-IE SCRUBBING SECTION OF 
THE HOWDEN-I.C.I. NON-EFFLUENT WATER 
SYSTEM FOR FLUE GAS CLEANING. 

A. The Major Problems Encountered in Developing 

A Non-effluent Process. 

The remainder of this paper is devoted to describing 
a new plant and a new process developed for the simul¬ 
taneous removal of grit, dust, and oxides of sulphur, 
from flue gases, in which the removal is effected in an 
efficient and compact scrubber using a re-circulating 
aqueous medium, treated with lime or chalk. The 
process employed is diflerent from others, inasmuch as 
complete flue-gas cleaning takes place in the simple form 
of scrubber incorporated, and it has the two further novel 
features that:— 

{a) For the first time in flue-gas cleaning a really 
efficient scrubber, based on fundamental principles, has 
been employed; and 

(b) No liquor need be put to drain, consequently large 
supplies of water are not required and the possibility of 
river pollution is completely avoided. 

The major problems encountered during the develop¬ 
ment of the process were found to be generally along the 
lines indicated at the end of Section I (F), although certain 
special circumstances (to be described) removed most of 
the difficulties which would normally have been associated 
with the development of satisfactory scrubbing surfaces 
suitable for the requirements of the process involved. 

The major problems may be summarized as follows:— 

(1) Absorption Surfaces,—TI iq choice and design of a 
non-choking scrubber packing, with high absorption 
characteristics, capable of taking large liquor rates 
without cascading or flooding, with a suitable scaling 
resistance and with an optimum incidence on capital and 
running charges when operating with very high extraction 
efficiencies for dust and SO^ removal. 

A 

(2) Circulating Liquor Treatment ,—The determination 
of ways and means whereby— 

(a) outside the scrubber—supersaturation of the 
circulating liquor with calcium sulphite and 
. sulphate could be either completely or sub¬ 
stantially destroyed; and 

{b) inside the scrubber-—the scaling potential arising 
from slight supersaturation of the circulating 
liquor with calcium sulphite or calcium sulphate 
could be controlled and maintained below the 
higher limit, at which it cannot overcome the 
scaling resistance of the packing chosen. 


(3) Plant Control ,—The development of a pH recorder^ 
operated from the power mains, having a degree of 
sensitivity consistent with close plant control, having 
a degree of reliability better than, or equal to, most of 
the instruments normally installed on boiler plants, and 
having technical characteristics not beyond the ready 
comprehension of the average boiler plant engineer. 

The ‘‘ liquor treatment" side was by no means easy 
of solution, and most of the investigational work and 
pilot-plant running was devoted to this side, which was 
found to react in some measure on the problems relating 
to absorption surfaces and plant control. It was found 
that the question of liquor treatment, with a view to 
preventing completely scale formation on the scrubbing 
surfaces, constituted the most difficult aspect in evolving 
a satisfactory non-effluent system. This will readily be 
understood after considering the fundamental chemical 
reactions occurring in a lime-treated, non-effluent 
system, with simple re-circulation, but with the neces¬ 
sary bleed ” to remove the make of solids and with 
return of the clarified liquor from this bleed. 


B. The Fundamental Chemical Reactions Occurring 
IN A Simple, Lime-treated, Non-effluent Water 
Process. 

The flue gases entering a scrubbing plant may con- 
tain:— 


Grit and dust .. 0-5 to 7 grains per cub. ft. at N.T.P. 

CO 2 .. .. 10 to 14 per cent by volume. 

Og .. .. 9 to 4 per cent by volume. 

SOg .. .. 0 * 05 to 0 • 20 per cent. 

(or 0‘3 to 1-1 grains sulphur per cub. ft. at N.T.P.) 
SOg .. .. Traces, up to 10 per cent of weight 

of SO 2 . 

HCl .. .. Traces, of the order of 0*05 grain 

PICl per cub. ft. 


NO and NOg .. Traces, of the order of 0 -05 grain 

combined nitrogen per cub. ft. 

FIgO .. .. Corresponding to partial pressures of 

0*05 to 0*08 atmosphere. 


To obtain complete, or substantially complete, absorp¬ 
tion of the SO 2 and other acid gases with a closed re¬ 
circulating water system, it is necessary to add an alkali. 
Lime or reactive powdered chalk are the cheapest 
alkalis, and are added in the form of a slurry. 

If lime is added to water used in washing flue gases, it 
rapidly combines with the COg dissolved in the water to 
produce:— 

(a) chalk (CaCOg), which is insoluble, and 

(&) calcium bicarbonate, [Ca(HC 03 ) 2 ], which is soluble. 

Addition of chalk direct will also result in the forma¬ 
tion of calcium bicarbonate. It is the dissolved calcium 
bicarbonate which is the active absorptive agent for the 
acid constituents in the flue gases. Fresh calcium 
bicarbonate is continuously formed from the chalk 
(whether chalk or lime is added), as absorption and 
neutralization of the acid constituents in the flue gases 
proceed. 

When lime or reactive powered chalk are added con¬ 
tinuously to the circulating liquor at a rate equivalent to 
that of acid absorption, the pH of the liquor falls from 


a pH between 6-5 and 6*8 at the liquor inlet to the 
scrubber to a pH between 6 - 0 and 6 * 2 at the liquor exit.*^ 
The SOg and SOg are absorbed from the flue gases 
as calcium sulphite and calcium sulphate respectively, 
and since none of the re-circulating water is put directly 
to drain, the liquor in the system is saturated with 
these relatively insoluble compounds. The two salts 
CaSOg . 2 H 2 O and CaSO^ . 2 H 2 O—calcium sulphite di- 
hydrate and calcium sulphate dihydrate (gypsum) 
respectively—are precipitated. The other reaction pro¬ 
ducts, such as calcium chloride and calcium nitrite, are 
highly soluble, and owing to the slight water loss from 
the system (with the solids), and the resulting slight 
water make-up, they do not reach saturation in the 
circulating liquor or solution. It should be noted here 
that the solubility of calcium sulphite increases with fall 
in pH, and that consequently the liquor leaving the 
scrubber can hold more of this salt in solution than that 
entering the scrubber. 

Since, in solution, calcium sulphite is readily oxidized 
to calcium sulphate, a substantial part of the calcium 
sulphite produced in the plant is oxidized, partly in the 
scrubber (for the flue gases contain oxygen), and partly 
in the circulating system outside the scrubber. This 
oxidation is catalysed by traces of iron and manganese 
salts. Both of these are present in the ash from the 
coal and in the lime added, and pass in part into solution 
in the circulating liquor. The nitrites present may also 
oxidize part of the calcium sulphite. 

As a result of oxidation, the sulphur absorbed as SOg 
and SO 3 from the flue gas appears in the precipitated 
solids or mud of the circulating liquor as a ihixture of 
calcium sulphite and sulphate (30 to 80 per cent of the 
total sulphur as CaSO^. and 70 to 20 per cent 

as CaSOg. 2 H 2 O, according to the oxidizing and 
catalysing agents present). 

The flue gases, in passing through the scrubber, come 
into thermal equilibrium with the circulating liquor, are 
cooled to their wet bulb temperature, and leave the 
scrubber saturated with water vapour. Some loss of 
water thus results from the evaporation necessary to 
effect such saturation. In addition, water is lost from 
the system through being entrained or chemically com¬ 
bined with the solids—(ash, CaSOg. 2Uf>, CaSO^ . 2 H 2 O) 
—•which are discarded after separation. The water 
make-up required to compensate for these losses is 
relatively small, and amounts to slightly over half a ton 
of water per ton of coal fired. 

As summarizing the above reactions, it can be stated 
that in a simple lime-treated non-effluent water process 
the flue gases are washed with a water containing_ 

PfPF. its exact connotation 


alkalinity. It is Sxi,r7sSYs a nimben ® eoncenurauons of aadity or 
a ch^ngel°rie expression of pH varies as 

A -j fSolution of 0- 05 per cent sulphuric acid in water 
Actd water in contact with air containing normal propoV- 

^solute^^ water, i.e. conductivity water ]! *. ^ 7 ^ 0 ^ ‘ ^ 

/I Solution of chalk in pure water .. ,, "* *" o.e 

Tn caustic soda in water ]! ]! 12.0 

verS solution, i.e. one which is neither very slightly acid nor 

very ^slightly alkaline, may he regarded as one having a pH of betwee^ ^ 


(a) In suspension: ash, chalk, calcium sulphate and 
calcium sulphite; 

ip) In solution at or above saturation : calcium sulphate 
and calcium sulphite; 

(c) In solution not at saturation: calcium, bicarbonate, 
calcium chloride, calcium nitrite, etc., and 
accumulations of salts remaining from the con¬ 
tinuous evaporation of water. 

Due to the presence of dissolved COg, the circulating 
water is slightly below the neutral point when it enters 
the scrubber, but the fall in pH within the scrubber is 
small, as the chalk in suspension dissolves in the COg 
solution to replace the bicarbonate neutralized by the 
acid constituents absorbed from the flue gases. 

The implications of p) above epitomize the difficulties 
in evolving a satisfactory non-effluent process. The 
simple re-circulating system just described would choke 
up very rapidly. 

C. The Problem of Liquor Treatment as Directed 
TO THE Prevention of Scaling, 

In the general case of absorption of an acid gas by 
means of a re-circulated liquor carrying the necessary 
base,"' the “ base content being maintained constant 
by continuous addition, the salt or salts formed in solu¬ 
tion will precipitate out as crystals when the circulating 
liquor has attained a certain concentration as a solution 
of the salts concerned. The make of precipitated solids 
per liquor cycle will then be equivalent to the acid 
absorption per cycle. 

With certain salts, precipitation from solution in this 
way would occur at saturation. The circulating liquor 
would continue to run at saturation, the rate of make of 
salt in solution being also the rate of make of salt pre¬ 
cipitated. In most of these cases, precipitation of the 
salt would occur not only on the crystals carried by the 
liquor in suspension, but also on the absorbing surfaces, 
which would, sooner or later, become covered with scale 
and, eventually, choked up completely. 

To obviate such^ an occurrence, when working with 
salts which deposit from saturated solutions, would 
require the arranging of a liquor cycle, in which the 
liquor during its passage through the scrubber was not 
saturated. This could be done in many cases by 
utilizing the change in “ salt ** solubility, usually 
accompanying change in temperature, and could be 
effected by:— 

(a) Cooling the liquor, after leaving the scrubber, to 
a temperature below the saturation temperature as fixed 
by the amount of salt in solution ; 

P) Thereby precipitating the salt as a solid, in an 
amount equal to the make in solution per cycle; 

(^^) Heating the liquor before return to the scrubber. 
The thermal cycle outside the scrubber would be 
operated on a temperature range sufficient to avoid 
saturation in the scrubber in relation to the absorption 
and rate of make involved, and would thus prevent 
scaling by providing for absorption and salt formation 
in solution within the scrubber, and for salt precipitation 
outside the scrubber. 

Calcium sulphite and sulphate do not lend themselves 
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to a thermal cycle, because their solubility-changes with 
temperature are relatively quite small. These salts, 
however, do possess a property which gives a complete 
solution to scale prevention, if the fullest possible advan¬ 
tage is taken of it. This property is that of forming, 
very readily, stable supersaturated solutions—^with the 
corollary that precipitation takes place very slowly from 
solutions which are only slightly above saturation. 

Considering, then, a simple re-circulating washing cycle 
for flue gases, using lime-treated water, the rate of pre¬ 
cipitation per cycle of the calcium sulphite and sulphate 
formed would be equivalent to the rate of absorption of 
the SOg and SO 3 , or the rate of make of the salts, only 
after the circulating liquor had attained a concentration 
in solution substantially in excess of saturation. The 
degree of supersaturation attained by the liquor would 
be an equilibrium figure determined by:— 

{a) The absorption, or make, per unit volume of liquor 
per cycle, 

{b) The time of the cycle. 

While absorption would only take place in the scrubber, 
precipitation from the supersaturated liquor would take 
place throughout the whole of the liquor system, on the 
solids in suspension, on the absorbing surfaces, on the 
inner surfaces of the pipes and pumps, etc. 

Since, however, slightly supersaturated solutions of 
these salts are relatively stable (i.e. stable with regard 
to the time period of one liquor cycle in the type of plant 
involved), a successful cycle should be possible by 
arranging for— 

(i) The liquor to become but slightly supersaturated 
during its passage through the scrubber; 

(ii) The slight supersaturation thus acquired to be 
destroyed by salt precipitation outside the scrubber and 
before the liquor returns to the scrubber. 

Such a cycle can be regarded as a time'' cycle, as 
opposed, for instance, to a thermalcycle, and would 
clearly involve the holding up of the liquor outside the 
scrubber for a very considerable period compared with 
the time for passage through the scrubber. There would 
thus be outside the scrubber a very large liquor capacity 
in the circulating system, but it may be possible by some 
ascertainable method to reduce the size of this capacity. 

The authors' process was developed along these lines 
and resulted in a plant which is completely free from 
scaling troubles, and which does not demand an in¬ 
ordinate liquor capacity outside the scrubber. 

In dealing with plant liquors the presence of crystals 
of the salt in solution, or of isomorphous crystals, tends 
to prevent supersaturation. With some salts the 
presence of such seeding crystals completely prevents 
supersaturation, and their addition destroys rapidly the 
supersaturation in over-saturated solutions. Such salts 
cannot readily form supersaturated solutions of appre¬ 
ciable over-saturation, and the converse holds, viz. 
that salts readily forming supersaturated solutions of 
appreciable over-saturation will not have such a relatively 
rapid action when used as seeding crystals, in destroying 
supersaturation of their own solutions—or such a pro¬ 
nounced tendency to prevent it. They will generally 
have an appreciable effect, however. 

Further, with salts readily forming supersaturated 


solutions, the de-supersaturating effects of seeding 
crystals increase with the proportions of seeding crystals 
present in suspension, the rate of increase quickly falls 
off, and no appreciable effect is observed on increasing 
the proportions of seeding crystals present beyond a 
certain percentage. 

Dr. R. Lessing*®* was the first to produce accurate 
curves showing the rate of de-supersaturation of calcium 
sulphate solutions by various concentrations of sus¬ 
pended gypsum (CaSO^. 2 H 2 O), the solutions being 
freshly prepared laboratory solutions. His curves, 
shown in Fig. 4, were obtained during his investigations 
on flue-gas cleaning in his capacity as consulting chemist 
to the consulting engineers for the new Fulham power 
station. 

As has been previously indicated, the non-effluent 
system to be attempted should be one in which the 
circulating liquor would carry substantial amounts of 
solids in suspension. Seeding crystals would thus be 
present in substantial amount. 

When running with the slight supersaturation of 
calcium sulphate permitted in practice, the times for 
de-super saturation under plant conditions are sub¬ 
stantially greater than those indicated in Fig. 4 , and the 
higher proportions of seeding crystals do not have such 
marked effect. A high concentration of suspended solids 
in the circulating liquor does, however, enable a sub¬ 
stantial reduction to be made in the liquor capacity 
required to give the delay time necessary for removal of 
the slight degree of supersaturation of calcium sulphate 
and sulphite permitted to arise during passage through 
the .scrubber. 

Clearly, the provision of a large liquor capacity, or 

liquor delay time," outside the scrubber for de¬ 
supersaturation purposes is bound up with the liquor 
circulating rate required to give the permitted slight 
degree of supersaturation within the scrubber, for the 
liquor, after de-supersaturation, re-enters the scrubber 
as a saturated solution, and during its passage through 
the scrubber must become at least slightly supersaturated 
as absorption proceeds. 

Actually, in the developed process, this only applies 
to the calcium sulphate, for, owing to:—■ 

(1) The increased solubility of calcium sulphite with 

the diminishing pH of the liquor through the 
scrubber (page 16), 

( 2 ) Partial oxidation after the pH has been restored by 

alkali addition, 

(3) The proportioning of " make " to liquor rate, 

no supersaturation at all occurs in the scrubber with 
regard to calcium sulphite with coals of normal sulphur 
content. 

It will be readily understood that, from a super¬ 
saturated solution, the rate of deposition upon a non- 
isomorphic surface (e.g. the absorption surface) will be 
less than upon a surface of the same crystal form, and 
that the rate of deposition (or scale formation) upon the 
non-isomorphic surface will depend upon the degree of 
supersaturation actually present. These observations 
may perhaps be better expressed; the latter as—^the 
scaling potential of the liquor is a function of the degree 

*** See Reference (5). 
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of supersatiiration present, and the former as—non- 
isomorphic surfaces have a scaling resistance, or, rather, 
a back-potential,'^ against the deposition of scale. 

The authors have found that the scaling resistance of 
an absorbing surface, or tower packing, is a function of 

(a) The specific scaling resistance of the material of 

the packing (specific both for the particular 
material and for the particular salt) ; 

(b) The initial smoothness of the surface and its subse¬ 

quent behaviour under corrosion ; 

(c) The liquor velocity over the surfaces. 

Thus, for example, corrosion-resistant steels and woods 
have a greater scaling resistance (against calcium sulphite 
and sulphate) than copper and brass, which are them- 


saturation at all, provided, of course, that the necessary 

delay period '' has been incorporated in the system after 
the scrubber. The practical effect therefore is that:-— 

(a) The'greater part of the tower packing can be chosen 
or designed on the basis of maximum efficiency, or of 
non-silting characteristics, or of any other virtues 
desirable with an efficient packing, 

(b) 10 to 15 per cent of the packing should be chosen 
or designed on the basis of maximum scaling resistance, 
i.e. of tolerating with impunity the small degree of super- 
saturation bound to occur, and this means, in practice, 
higher liquor velocities on the bottom packing. 

(In any case, efficiency in absorbing surface is not of 
great moment in these bottom layers of packing, wliere 
the SOg concentration in the gases is relatively high.) 



selves better than mild steel. This last is definitely 
^ slightly appreciable rate, and consequently 
inmal smoothness of surface hardly affects the scaling’ 
resistance of mild steel packing at all. 

In practice, these three factors can be manipulated to 
produce a resultant scaling resistance greater thay the 
scahng potential, from the slight supersaturation 
demanded by designed conditions. Complete immunity 
against scaling is thus rendered possible. 

It is interesting to notice that the bulk of the tower 
packing does not come within the practical sphere of 
mfluence of scaling potential and scahng resistance. 
Jmus, considering counter-current scrubbing, in which 
the gases enter at the bottom and leave at the too 
about 50 per cent of the SOg will be absorbed while the 
gases pass over the bottom 10 to 16 per cent of the 
packing. Above here there will be no measurable super- 


In dealing with the question of scale prevention against 
calcium sulphate and, under certain conditions (high- 
sulphur coals), against calcium sulphite, we have still'to 
consider how to arrange or fix the precise slight degree 
of super saturation to be permitted or allowed at the 

packing, and which (a) is to be removed by 
” provided after the scrubber, and 
(6) induces in the scrubber a scaling potential less than 
the scahng resistance of the bottom section of packing. 
^Ihe degree of supersaturation to be tolerated is fixed 
at a reasonable margin below that ascertained in practice 
as ^ving a scaling potential just about equal to the 
scaling resistance of the bottom section of packing, and 
productive^of slow scahng over extended periods of 
running. From the degree thus fixed and confirmed to 
provide complete immunity from scaling, the capacity 
of the circulatmg hquor pumps is determined, for the 
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rate of sulphur extraction required is known for peak 
loads and the worst coals. The corresponding delay 
period is also inserted. 

The permitted or designed degree of supersatura- 
tion cannot thus be exceeded when the plant is working, 
and in practice will even rarely be attained. The pilot 
plant has been running for many months now, with a 
wood packing as clean and free from scale as the pro¬ 
verbial table.'* 

D. Efficient Absorbing Surfaces. 

Considering that absorption towers are as old as the 
chemical and certain allied industries, it is a remarkable 
fact that practically all those in use to-day are designed 
on '' rule of thumb " and trial and error " methods. 
Few people understand the mechanism of absorption, 
and fewer still can design an absorption tower with any 
assurance of providing for unit mass absorption at the 
minimum of capital and running costs. Had there been 
more research applied to design, there would have been 
less heard of ** spraying " systems for flue gas cleaning. 

The authors have been in the fortunate position of 
being able to utilize the results of work carried out over 
a number of years with laboratory, semi-technical, and 
commercial plant, on the absorption of gases in liquids, 
with a view to determining:— 

[a) A useful explanation of the mechanism of this 
phenomenon, 

(&) The fundamental principles enabling practical 
design to be based on the physical constants only 
of the gases and liquids concerned, 

(c) The relative characteristics of varied types of 

packing, 

[d) The import of certain practical features in design, 

e.g. liquor and gas distribution, liquor and gas 
spread after distribution, maximum and mini¬ 
mum irrigation rates for complete utilization of 
surface provided, optimum gas speeds, gas entry 
effects, etc. 

Fundamental chemical-engineering research of this 
nature is essentially long-time research, and several years 
elapsed before the accumulating results of the research 
gave conclusions which could be profitably employed in 
practice. By the time the work on a non-effluent process 
jEor the complete washing of flue gases had begun, the 
fundamental relations in physical absorption had been 
established and “ optimum design was at last poswsible 
from the physical constants of the fluids, the charac¬ 
teristics of many types of packing had been ascertained 
and reduced to a single logical comparative basis, and 
the importance of certain practical features, formerly 
ignored or overlooked, had been proved. The work has 
even now not yet finished, however, for there are some 
apparent exceptional applications to be cleared up, and 
some concurrent chemical reactions to be explored. 

It will be appreciated that, owing to the progress that 
had already been made, the design of the pilot plant for 
complete flue-gas cleaning presented no difficulties at all 
on the absorption " side, as distinct from the “ scale 
formation " side. Thus, for example, the pilot plant 
was designed for 98 per cent sulphur removal, on the 
basis of certain specified gas and liquor rates. It gave 


this performance after erection, and the original specified 
gas and liquor rates are those used as the basis for com¬ 
mercial applications of Howden-I.C.I. plants to-day. 

The major requirements deciding the form of the 
packing originally chosen and still utilized were:— 

(1) High absorption characteristics for dust and SOg,’ 
and low costs per unit volume of scrubber. 

(2) Non-silting with regard to the high solids it was 
anticipated would be carried in the circulating liquor of 
the universally acceptable non-effluent system. 

(3) Capacity to take large liquor rates without cas¬ 
cading, and to distribute and redistribute the liquor in 
even irrigating films tliroughout the depth of pacldng. 

(4) Low pressure-drop and high “ carry-over " veloci¬ 
ties for the gas—carry-over " velocity is the velocity 
at which the gas begins to strip the liquor from the 
packing). 

(5) Easy to make in small, readily handled units from 
a variety of materials such as wood, metals, and syn¬ 
thetic resins. 

The packing chosen to satisfy these particular require¬ 
ments as viewed in their correct relative perspective was 
a grid type packing, which gives some latitude in fixing 
the pitch, depth, and thickness, of the elements or strips 
in order to accommodate specific requirements of a par¬ 
ticular application. Thus the grid packing selected* 
was composed of laths 1 in. deep, |- in. pitch, to in, 
thick, made up into grids 4 ft. square. The laths are 
held together every 12 to 15 in. by spacing strips, in. 
to J in. thick, which are staggered so as to avoid division 
of the pile of grids into a number of small cells. The 
grids are piled on top of each other, the laths of one grid 
being at right angles to those of the one above and the 
one below it, and resting on those of the one below it. 
This latter feature ensures good liquor redistribution in 
films. The liquor is fed on to the top tier of grids in 
films by a special distributor. 

With a depth of packing of 3 ft, 6 in., 98 per cent 
SOg rerhoval was obtained using a gas velocity of 4 • 6 ft, 
per sec. N.T.P., and a liquor rate of 0*06 gallon per min. 
per in. of “ periphery" of lath surface in one grid, 
i.e. per | in. length of the laths in one grid (the laths, 
of course, having two sides). This performance is an 
illustration of the great advance made with respect to 
absorption problems by this recently developed technique. 

When the pilot plant was being designed and erected 
it was anticipated that the major trouble, arising from 
carrying a large amount of solids in suspension, would 
occur in the liquor-distributing methods employed in 
the liquor distributing tank at the top of the scrubber. 
This proved to be the case, and, pending improvements 
in this direction, it was decided to run the plant as a 
re-circulating system with a purge to di’ain sufficient to 
give the maximum concentration of solids in the cir¬ 
culating liquor permitted by the liquor-distributing 
devices, actually in the plant for the time being, (Open 
Cycle—see page 18.) 

In this way the plant operatives would gain valuable 
experience, extended runs on extraction efficiency with 
diflerent materials for the grid packing would be possible, 
information would be gradually acquired with regard to 

* It must be emphasized that each absorption problem requires a different 
pacldng for optimum performance. 




scaling potential and scaling resistances, as the purge to 
drain was reduced and the solids in suspension built 
up, and the dif&cult question of supersaturation could 
be gradually approached as the conditions became 
increasingly difficult. 

Thus it was some time before the special packing, 
designed for maximum scaling resistance, was in- 
corporated in the entry gas space below the main bulk 
of the packing. This type of special packing as adopted 
carries substantial incidental advantages, as it (a) Gives 
good gas distribution, and thereby reduces the height of 
the tower; and (b) Enables 10 to 15 per cent of the shallow 
grid packing to be dispensed with, and effects, therefore, 
a further reduction in the height of the tower. 

The major reason for its adoption has already been 
fully discussed. Summing up, therefore, we have the 
simple re-circulation system with minimum liquor capacity 
and liquor re-circulation rate, which is subject to scale. 


great an amount with a consequent increase in riinning 
costs. 

The authors have found that the pH of the liquor 
leaving the scrubber is constant, at 6*2 -f 0*2 when the 
theoretical amount of lime or chalk is added continuously 


Scrubber 


Scrubber 


Primary 
* 

pi am 
elements 

Small 
T pump 
Purge 

I ^ I tank 

Fig. 5.—Comparison between (a) simple and (b) modifie( 
non-effluent re-circulation systems for flue-gas scrubbin 
by lime-treated water. 

and the modified re-circulation system, free from scalinj 
troubles, in which there are added :■— 

(1) Delay tank. 

(2) Primary deep plate elements. 

(3) Larger re-circulation pumps than are necessary foi 
good gas absorption. 

The two systems are compared in Fig. 5. 


Large 

pump 


Fig. 6a. First commercial “ all-mains " thermionic potentio 

meter and recorder. 


■Top of co'ntinuous liq uor 

electrodes. 


sampling cell, showing 
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Fig. 6c. iypical pH recorder chart, obtained by manual control of the lime addition on the pilot plant. The 

straight line on the extreme right is the potentiometer zero line. 


to the liquor, at a rate equivalent to the " acid con¬ 
stituents absorbed. Flence, by controlling the alkali 
addition from the readings of a pFI recorder, the correct 
quantity of alkali can be added—without wastage on the 
one hand, and on the other without risk of producing 
acid and corrosive liquor and without diminishing the 
efficiency of extraction. 

The pH of a liquor containing suspended solids and 
dissolved sulphites cannot be determined by the ordinary 
hydrogen or quinhydrone electrodes, A battery-operated 
pH recorder, using a glass electrode, had actually been 



developed some three years earlier; several sets had been 
tried out and were in use under practical conditions. So 
far as the authors know, the fundamental circuit of this 
battery-operated pFI recorder, which has been fully 
described in the literature, was the first, and remains the 
only, example of this important class of instrument to 
be developed successfully for normal commercial applica¬ 
tion. In applying it to the fiue-gas scrubber, however, 
the authors decided that it should be applied as an all- 
mains instrument. The necessary modifications were 
found to be extremely difficult to achieve satisfactorily. 
Complete success was achieved in this direction, how¬ 
ever, after about 8 months’effort. 


The successful development of a robust all-mains 
instrument meant that continuous, accurate, and ready 
control could be applied to the pilot-plant scrubber, and 
it contributed very largely to the rapidity with which the 



Fig. 8.—Section through continuous liquor-sampling cell for 

pH recorder. 


further work proceeded, and to the complete success 
eventually obtained with a non-scaling, non-efiiuent 
system. A full description of the latest form of this pH 
recorder will shortly be available to all’ through the 
Cambridge Instrument Co., with whom arrangements 
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lave been made to manufacture and market the instru- 

ment. The first of the commercial instruments is shown 

m hig. 6 , while the potentiometer and all-mains circuits 

employed with the instruments on the pilot plant are 

Illustrated in Fig. 7. The arrangement of the liquor- 

sampling cell with glass and calomel electrodes is shown 
in Fig. 8 . 

Apart from the pH recorder, the only other control 
necessary for the plant is that governing the amount of 
liquor purged to the settlers from the main circulating 
system, in order to enable the solids accumulating in the 
system to be removed. This is readily done on the 
:madings of a slurry density recorder such as the Andrews- 
Iviley continuous density recorder. 

Plant control has thus been thoroughly simplified and 
made independent of complex liquor and gas analyses, 
and of the long delays and lag periods which other¬ 
wise would have been inevitable. 

Having thus dealt with the major principles under¬ 
lying our process, we can now pass on to a description 
of the complete process and of the principles of design. 

Section III.— DESCRIPTION AND DESIGN 
PRINCIPLES OF THE COMPLETE PROCESS. 

A. Chief Items of Design. 

The final details of design and operation of a plant 
working on the lines generally indicated in Section II 
have been thoroughly delineated, explored, and con¬ 
firmed by continuous tests, extending over a period of 

^ full-scale experimental plant unit 
installed on a boiler plant. A full description of this 
pilot plant, together with typical records of the per¬ 
formance, is given in Section IV. 

In the present Section attention will be mainly directed 
to the principles of design in plant incorporating the 
developed process and diagrammatically illustrated in 
Fig. 9. For this purpose the following items will be 
considered in the order mentioned:^ 

(i) Dimensions of scrubbing towers (with-normal and 
high-sulphur coals) ; 

(ii) Scale prevention and its incidence on_ 

(a) size of delay tank, 

(d) liquor rate through scrubber; 

(iii) Purge to solids-separation plant and return of 
clarified liquor; 

(iv) Starting and stopping the plant; 

(v) Choice of alkali; 

(vi) Mal-operation of plant and ease of cleaning; 

^ (vii) Modified system with purge to drain, as allowable 
m exceptional cases, 

B. Dimensions of Scrubbing Tower. 

The cross-sectional area required in the vertical 
counter-current scrubbing or absorption towers is 
determined by considerations of:- 

The gas quantity; 

( 6 ) The designed maximum degree of supersaturation 
to be permitted in the scrubber. 

Up to about 1- 75 per cent of sulphur in the coal, the 
first of these fixes the cross-sectional area; with higher- 


sulphur coals the second is the determining factor in 
this respect. 

Beyond a critical gas rate, the pressure-drop through 
the packing begins to rise sharply and is followed by the 
stripping of the liquor film from the pacldng. This 
will result in the formation of a fine spray in the gas 
and may cause ash and scale adhesion to those parts of 
the packing which are not properly irrigated. There is 
thus a maximum gas rate which should not be exceeded. 
This rate is equivalent to a velocity of approximately 
5 • 0 ft. per sec. through the empty tower. A work¬ 
ing velocity 10 per cent below this is taken. 

Every packing has a useful range of liquor rate per 
inch periphery, as fixed between a minimum below 
which some of the packing surface would not be irrigated, 

I and a maximum above which cascading or liquor 
I logging would intervene. With the higher-sulphur coals, 
the liquor rate to give the permissible degree of slight 
supersaturation would be above the useful range for 
the packing, if the cross-sectional area- of the scrubber 
were fixed by the nominal gas rate given above. This 
area has, therefore, to be increased and is thus dependent 
on the mass rate of SO 2 fed to the scrubber, instead of 
the actual flue-gas quantity. For flue-gas scrubbing the 
useful liquor rate with the grid packing employed is 
between 16 and 28 galls, per min. per sq. ft. of cross- 
sectional tower area. 

Although the volume of water re-circulated over the 
pacldng is large, the height through which it is pumped 
is low and consequently the power consumption by the 
pumps is only about 9 kWh per ton of coal fired on full 
load. The water rate may be reduced pcLvi pcLssi/t with 
the gas rate to 60 per cent full load, provided that the 
conditions for preventing scale are maintained as out¬ 
lined above. It is to be noted that this flexibility is not 
given in other types of wet washing plant which require 
a constant water rate at all loads. 

The depth of packing (i.e. of the main bulk of the 
packing, or of 3 in Fig. 9) depends upon the required 
end conditions of the flue gas, or, in terms of more 
general but less logical use, upon the extraction efficiencies 
required. In general a 3 ft. 6 in. depth of packing will 
take out all the dust above 10 microns, and a very large 
proportion (over 90 per cent) of that below 10 microns. 

It will give about 98 per cent sulphur removal from 
burning an average coal, with about the same, efficiency 
of dust extraction for pulverized-fuel firing, and slightly 
less for stoker firing. It will, of course, take out all 
the grit. A depth of 3 ft. 6 in. thus tends to become 
standard ^ dimension, although a greater depth will 
give even higher extraction efficiencies. 

Below the grid packing comes the special packing with 
a high scaling resistance.'' This in practice constitutes 
about 15 per cent of the total " pacldng surface,'' and is 
in the form of suspended wood plates (2 ft. 6 in. to 3 ft. 

6 in. deep), pitched at between 2 in. and 3 in. intervals, 
and carrying pear-sectioned liquor collectors on their 
top edges (see 2 in Fig. 9). These collectors, with the 
^PP^op^i^-te spacing and depth of the plates, ensure 
higher liquor rates and velocities than pertain to the 

grid packing, and confer a higher scaling resistance 
exactly where it is wanted. 

The deep plates actually curtail the height of the 
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towers, since they also act as gas distributors and thereby 
eliminate a section of tower that would otherwise be 
required to give vertical direction and distribution to 
the gas after entry from the side. Tower height is made 
up almost entirely of:— 

(a) Grid packing depth; 

(b) Gas entry and exit ports; 

(c) Liquor feed tank and primary distributors at top 

of scrubber; 

{d) Liquor-collecting hopper at bottom of scrubber. 



1. Gas inlet. 

2. Primary elements. 

3. Grid packing. 

4. Spray eliminators. 

5. Gas outlet. 

6. Delay tank. 

7. Re-c]rculation pumps. 

8. Liquor distributors. 

9. Film feeders. 

10. Purge. 

11. pH recorder. 

12. Solids recorder. 

13. Settler. 

14. Clarified liquor from settler. 

15. Clarified liquor from filter. 


16. Mixed liquor tank. 

17. Mixed liquor return. 

18. To alkali preparation plant. 

19. Make-up water supply. 

20. Emergency make-up water supply. . 

21. Rotary vacuum filter. 

22. De-watered solids (rejected from 

system). 

23. To vacuum pump. 

24. Alkali supply and control. 

25. Delay tank sludge cock. 

26. Pressure-equalizing pipe. 

27. Emergency overflows. 

28. Liquor head tank. 


Fig. 9. —Diagrammatic arrangement of complete non- 
efifiuent flue-gas scrubbing plant (excluding lime slurry 
preparation section). 


It is of importance to keep the vertical distance 
between the liquor levels in the bottom collecting hopper 
and the top feed tank as short as practicable, since this 
distance determines the head on the main circulating 
pumps (see 7, Fig. 9). The main item in tower height 
is that made up of gas entry and exit ports, on the 
basis of actual gas velocities of 12 ft. per sec, at entry 


io 


and 6 ft. per sec. at exit, the latter being fixed for pur¬ 
poses of spray elimination (see 4, Fig. 9). 

The great efficiency of the grid form of packing 
described above leads to practically complete satura¬ 
tion with water vapour of the flue gases leaving the 
scrubber. The exit gases and the circulating liquor 
therefore assume the " wet bulb temperature of the 
inlet gas. This temperature can be obtained approx- 
mately from tables connecting the wet and dry bulb 
temperatures with the moisture content of air, and for 
modern boiler plants this temperature is around 120° F. 

C. Scale Prevention in Design. 

The principles underlying scale prevention have 
already been discussed in Section II C. In practice, 
immunity from scaling is provided by:— 

(i) Holding the liquor, before re-circulation, in a delay 
tank for a time sufficient to ensure the removal of the 
necessary proportion of supersaturation produced by 
one liquor cycle through the scrubber. The delay time 
is partially dependent on the seeding surface afforded by 
the solids in suspension in the liquor, the seeding surface 
being provided by the crystals of calcium sulphite and 
sulphate present in the circulating liquor, and controlled 
by the amount of purge to the settlers; 

(ii) Apportioning the liquor rate so that the degree of 
supersaturation at the scrubber exit (arising when a 
saturated solution enters at the top) is not sufficient to 
overcome the scaling resistance of the bottom packing; 

(iii) Choosing a material, a form, and a liquor velocity, 
for the bottom packing to give the required scaling 
resistance. 

The authors found that with wood grid packing the 
total delay time should be about 14 minutes per grain 
equivalent of sulphur per gallon, absorbed and oxidized 
within the scrubber to calcium sulphate in one liquor 
cycle, when the suspended seeding calcium sulphate is 
over 2*5 per cent by weight. 

Similar considerations apply also to the prevention of 
scaling by calcium sulphite, except for the added 
differences that: (a) Supersaturation with calcium sul¬ 
phite solution appears to be more easily destroyed by 
seeding; and {b) the solubility of calcium sulphite varies 
widely with pH variation. 

With correct lime addition the pH changes to 6*8 
from 6*3 at the scrubber exit. If the lime is added 
before the delay tank, there is then an appreciable reduc¬ 
tion in the concentration of dissolved calcium sulphite, 
owing to the reduced solubility at the higher pH. The 
pFI of the liquor changes back to 6-3 at the scrubber 
exit on the next cycle. 

By virtue of this cyclic change in pH and of the 
accompanying change in solubility of calcium sulphite, 
it is possible to run under certain circumstances so that 
calcium sulphite not only does not attain any measurable 
degree of super saturation, but does not even attain 
saturation in solution within the scrubber. The imposi¬ 
tion of such a pH cycle on the main liquor circulating 
system, for preventing scale formation, should be com¬ 
pared with the imposition of thermal and time cycles 
discussed under Section II G. 

Typical experimental figures for the change in solu- 





































16 


PEARSON, NONHEBEL, AND ULANDER: REMOVAL OF SMOKE AND 


bility of calcium sulphite with change in pH are given 
in Table 2. 

The authors found, in general, that with the grid 
packing described and with lime neutralization, the 
total delay time should be about 9 minutes per grain 
equivalent per gallon of sulphur absorbed and leaving 
the scrubber as CaSOg for each liquor cycle, when the 
suspended calcium sulphite is over 2-5 per cent. 

The two delay times given in terms of sulphite and 
sulphate make, fix, according to which is the greater, 
the size of delay vessel (6 in Fig. 9) when the permitted 
rate of make, or super saturation, is known. In general. 


Table 2. 


Change of Solubility of CaSO^ with pH at 122° F. (50° C.). 


Ion 


Composition of solution—concentration of ions 
in grain equivalents per gallon 


Synthetic liquor 


Ca 

Mg 

Na 

SO, 

Cl 


215 


1*75 


Liquor taken from a 
boiler flue-gas scrubber 


3-78 

17-50 

31-50 

12-95 

38-50 


3-36 

19-05 

32-80 

15-70 

39-20 


2-91 

22-70 

37-10 

20-60 

41-20 


pH 

7-0 
6-8 
6 - 6 
6-4 
6-2 
6-0 


Increase in solu¬ 
bility over pH 
range 6-8-6-2 


Solubility of CaSOg in above solu¬ 
tions, expressed in grain equiva¬ 
lents per gallon at pH shown 
on left 


0-161 

0-217 

0-231 

0-245 

0-252 

0-259 


^0-036 


0-217 

0-252 

0-293 

0-315 

0-392 


0-392 
0 - 434 
0-469 
0-484 
0-540 


0-140 


0-518 

0-588 

0-615 

0-637 


0-108 


0-119 


for the usual_ wood " grid and plate ” packing already 
described, this is approximately just under 0-2 grain 
equivalent per gallon of liquor for sulphur absorbed and 
oxidized in the scrubber. The corresponding figure for 
sulphite sulphur is higher than this owing to the change 
m solubility with increasing pH, a consideration of some 
importance with high-sulphur coals and relatively low 
oxidation in the scrubber. Thus the permitted rate of 
make of sulphur per cycle is as high as 0-33 grain 
equivalent per gallon. These permitted rates of make 
are the maxima^ for complete immunity from scaling 
and, in conjunction with the flue-gas quantities deter¬ 
mine the circulating liquor rate. 

D. Separation and Discard of Solids, and Return 

OF Clarified Liquor. 

The solids in suspension in the circulating liquor are 
maintained at a concentration of approximately 10 to 


15 per cent by weight in order to; (a) Keep down to 
reasonably small quantities the amount of liquor fed 
to the solids separation section; and (6) provide sub¬ 
stantial seeding surface, or crystallization nuclei, thereby 
reducing the size of the delay tank. 

The solids in suspension are maintained at the required 
concentration by controlling the rate of purge to the 
settlers in accordance with the readings of a density 
indicator. 

It has already been remarked that lime addition should 
take place between the scrubber and the delay tank with 
a view to utilizing to the full the advantage of reduced ' 
sulphite solubility (24, Fig. 9). Clearly the purge (10, 
Fig. 9) to the settlers should be taken from between the 
scrubber and the point of lime addition in order to: 
(a) Reduce the loss of alkali in the solids discarded; 
and (b) reduce slightly the size of the delay tank. 

The thickened mud from the settler contains 30 to 
40 per cent solids and may be further de-watered on 
rotary vacuum filters, of the disc or drum type, down to 
about 30 to 45 per cent of water, dependent on the 
fineness of the ash collected from the flue gas. 

It is possible to dispense with settlers and filters and 
to use continuous, automatically discharging centrifu^^es 
The authors found that it is thus possible to get down,* 
in one operation, to a mud containing about 45 per cent 
of water but their experience in this connection is not 
yet sufficiently extensive to warrant a definitely favour¬ 
able recommendation. Although the power consumption 
with centrifuges may be a little greater than with settlers 
and filters, their low capital costs and small space 
requirements are very attractive and may render their 
use economical in many situations. 

The clarified liquor from the settlers and filters, or 
from the centrifuges, is returned to the main circulating 
liquor system either directly or indirectly (16, 17, and 
18, Fig. 9). In the former case it should be'returned 
after the delay tank and before the scrubber, for obvious 
reasons—preferably to the liquor head tank. In the 
latter case it is used for the preparation of the lime or 
chalk slurry, containing 7 to 12 per cent suspended lime 
or chalk and returned, as previously indicated, im¬ 
mediately before the delay tank. 

When using settlers it is not necessary to design them 
for complete clarification of the “ return liquor.*' The size 
. of the settlers can be cut down by increasing the liquor 
feed and budgeting for, say, 70 per cent clarification. 

The methods of disposing of the solids will obviously 
vary with the locality. The solids make good '' fill," 
and would be valuable for land-reclamation purposes 
owing to their consolidating properties; but in many 
cases they will be dumped out at sea. ^ 

E. Starting and Stopping the Scrubbing Plant. 

Although it is necessary to run the plant with a high 
concentration of suspended solids, scaling does not occur 
if the plant is started up on pure water if the solids are 
allowed to accurnulate rapidly in the system. On the 
other hand, it is inadvisable to do this frequently 
Consequently, small cross-connections are arranged 
between the scrubber circulating pumps through which 

the delay tanks of standing scrubbers may be filled from 
running plants. 
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Oil shutting down, it is essential to wash out the 
packing with clean water in order to prevent crystalliza¬ 
tion of the liquor on the surfaces as they become dry 
(such crystals would form seeds on which scale would 
deposit). Furthermore, it is necessary to keep the wood 
packing moist by occasional flushes of water during idle 
periods. This is particularly necessary in plants where 
the scrubbers are situated above the boilers. 

F. Choice of Alkali (Lime versus Chalk). 

On technical grounds, it is preferable to add the alkali 
as lime rather than chalk because:— 

[a] Lime is the more reactive and uniform; 

[h] The change in pH in the cycle is greater with lime, 
with some consequent beneficial effect on closeness and 
ease of plant control; and 

(c) The greater change in pH enables a smaller scrubber 
to be used for flue gases resulting from burning the 
higher-sulphur coals. 

In order to avoid corrosion of the scrubber hopper, 
it is necessary to keep the minimum pH of the liquor 
above 6*0. Hence the chalk used must be finely ground 
and fairly reactive if it is to be rapidly dissolved by 
the COg in solution, and if no great excess is to be used. 
The authors have found that by-product (precipitated) 
chalk is perfectly satisfactory to use, but that some 
natural chalks, even when ground to pass 200 I.M.M. 
(240 B.S.I.) sieve, are not quite sufficiently reactive unless 
used in considerable excess. 

During long-period tests, analyses for CaCOg in the 
discarded mud indicate that the consumption of a finely 
ground Kent whiting was about 35 per cent above the 
consumption of Buxton lime on an equivalent CaO 
basis, and that the consumption of lime is practically 
theoretical, in fact from 5 to 10 per cent less than 
theoretical with pulverized-fuel firing. 

The reactivity of chalks may readily be compared in 
the laboratory by suspending samples in water, passing 
in COg for a short specified time, and determining- the 
amounts of chalk dissolved. 

In many cases the deciding factor as to whether to 
use chalk or lime will be the comparative cost basis of 
equivalent CaO in the slurry stock tanks as corrected 
by a factor representing the actual consumption as a 
percentage of the theoretical. Freights and transport 
methods available will enter into this very largely, and 
each station will almost invariably require individual 
consideration. As a rough guide, however, it may be 
taken that chalk (with 43 per cent CaO and, say, 20 per 
cent moisture) at 8s. per ton delivered to site is equivalent 
to lime (with 96 per cent CaO) at about 25s. per ton 
delivered to site. These figures are but generically 
suggestive, and must be worked out in detail for individual 
application. 

G. Mal-operation of Plant and Ease of Cleaning 

If the plant is designed and worked on the lines indi¬ 
cated, the whole plant keeps clean and free from deposit. 
All kinds of plants, however, can be mal-opetated, 
either deliberately or accidentally, and the scrubber is 
no exception to the rule. Thus, while the packing will 
remain clean if the plant is operated in accordance with 
VOL. 77. 


the running instructions supplied, mal-operation may 
result in the packing becoming slightly dirty or covered 
with a light deposit. 

It is inconceivable that the packing would become 
heavily scaled, since the indication of scale deposition 
would be soon reflected in the pressure-drop across the 
scrubber. This pressure-drop, normally, is utilized as 
the reading for a gas flowmeter, the scrubber packing 
corresponding to the more usual form of orifice plate. 

In the unlikely event of the scrubber packing becoming 
slightly scaled, chemical cleaning of the packing is easier 
and cheaper than mechanical cleaning. The applied 
design of commercial installations allows immediate and 
full access to the packing after the scrubber has been 
taken off the line; this, in unit’’ as opposed to 

central" installations, would be after the boiler has 
been taken ofi the line, or perhaps after it has been put 
to stand by where regulations are lax, and a small 
flue-gas by-pass is permitted for emergencies. All the 
packing in a scrubber for a large boiler could be taken 
out and replaced as a rush job within two hours. 

On the other hand, chemical cleaning can be applied 
while the scrubber is in operation, preferably on one- 
quarter to one-half gas load, with a view to keeping 
down the cost. Such cleaning means a change-over in 
the alkali used, from lime or chalk to soda ash, which 
is a more expensive form of alkali. 

The liquor system of the scrubber concerned is drained 
and filled with water and then run with soda as alkali 
for 12 to 24 hours. As a spare alkali line is always 
provided with commercial plants it is not necessary to 
change all the scrubbers over to soda. 

When cleaning in this way, the pH is held at 7 • 0 to 
7 • 5 and water is added at a rate sufficient to necessitate 
a purge, from the circulating system, of about 6 tons of 
water per ton of coal fired. This purge need not be put 
to drain, but may be used as make-up on the other 
scrubbers still running, with the usual lime or chalk 
treatment. 

Under the conditions just described for the scrubber 
being cleaned, the soda reacts with the calcium sulphate 
and sulphite scale to form calcium carbonate, which is 
itself dissolved by the COg in the washing liquor. Sulphite 
scale is less readily removed than sulphate scale, owing to 
the lower solubility of the former, but in practice, owing 
to the designed conditions, the latter would normally 
preponderate in scale formed from'mal-operation, such 
as from running with lower solids in suspension than 
allowed by the official minimum figures. 

It may not always be possible to utilize completely, 
as make-up for the other scrubbers, the relatively large 
volume of purge obtained during soda cleaning of the 
one scrubber. Any excess which cannot be so used, or 
in fact all the purge from soda cleaning, can be put 
direct to drain (or river) without harm, provided that 
before doing so the sodium sulphite in solution is con- 
verted to sulphate by oxidation. This can readily be 
done in a small oxidizing tower, through which air is 
blown. A tower 2 ft. 6 in. square with a 6 ft. depth of 
1 in. deep ^-in. pitch wood grid packing will deal with 
the whole purge of 400 gallons per min. from a large 
boiler, and will require an air rate of 200 cub. ft. per min. 

Such an oxidizer tower is generally provided for plants 

2 
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wliere the restrictions on the purity of effluents to stream 
or river are rigid, for it may also be of service in oxidizing 
any excess liquor accumulating in the whole scrubber 
plant, e.g. on taldng boilers off load. The amount of 
such effluent will be negligible in practice. 

There is, of course, no difficulty in arranging that there 
shall not be even these small occasional effluents to drain. 
The oxidizer is then dispensed with, and the liquor 
capacities in the system are arranged to suit the specified 
conditions, 

H. Re-circulating System with Continuous Purge 
TO Drain, as Applicable under Exceptional 
Conditions. 

Some few power stations may be very favourably 
situated as regards water supplies and absence of rigid 
effluent restrictions. For such cases the standard non- 
effluent system may be easily modified, in order to take 
advantage of the circumstances prevailing. 

The delay tank becomes smaller, its size being deter¬ 
mined by the delay period required to destroy only the 
calcium sulphite supersaturation arising when the lime 
is added. The purge to drain (i.e. discarded clarified 
liquor from the settlers) is adjusted so that the amount 
of water make-up in the system is just sufficient to 
prevent the circulating liquor from becoming saturated 
with respect to calcium sulphate. Before going to drain, 
the clarified liquor to be discarded may be oxidized in the 
manner mentioned above. With a make-up water of 


average SO 3 content (say, 2 grains per gallon), the purge 
required with 1 ,per cent sulphur coal roughly cor¬ 
responds to 6 tons of water per ton of coal fired. 

Under more exceptional and favourable circumstances 
still, the liquor to drain need not even be clarified, the 
raw purge being put to drain, e.g. to a marsh or bog. 
In these very few cases, the fortunate power station will 
not require any “ solids separation section at all. 

Section IV—DESCRIPTION AND PERFORMANCE 
OF THE PILOT PLANT AT BILLINGITAM. 

A. Description of Pilot Plant, 

The pilot plant has been in continuous operation from 
April, 1933, until December, 1934 (apart from a small 
fraction of this time, required for plant modifications). 
The general arrangement of the pilot plant, in its final 
stages of development, is sho^vn in Fig. 10. 

In order that the results obtained during the investiga¬ 
tion should be directly applicable to the design of com¬ 
mercial installations of the largest type, the experimental 
scrubber was made to the dimensions and as a prototype 
of the full-scale cell or unit, of which a number (12 to 22 ), 
within two or four nests or shells, would constitute a 
scrubbing apparatus equal to the requirements of one 
large boiler. The experimental scrubbing tower was 
thus made 4 ft. square. 

Fig. 10 shows clearly the lay-out of scrubbing tower 
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Fig. 10.—Isometric view of complete pilot plant. 
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delay tank, settler, and lime-preparation plant. Filtra¬ 
tion of the sludge from the settler has been investigated 
on a 3 sq. ft. Rovac rotar^^^ vacuum filter and also by two 
well-known filter manufacturers. 

Flue gas is drawn from a large powdered-fuel boiler. 
Connections to the flue of this boiler are so arranged that 
flue gas can be taken to the pilot scrubber from either 
immediately before or after one of the wetted vertical 
element type of dedusters, fitted some four or five years 
ago to the boiler. 

When gas is taken from the latter of these two places, 
the conditions approximate roughly to testing with flue 
gas from a stoker-fired boiler. The gas, however, in this 
case is only at 180° F., and so the circulating liquor is 
steam-heated to the temperature which would be obtained 
when feeding gas at the normal temperature of 230° F. 

Lime slurry addition is controlled manually from the 
readings of the pH recorder described in Section HE. 
The importance of this instrument, as the major and 
almost complete control of the process, cannot be over¬ 
emphasized. Actually, no real steady running of the 
plant was obtained until the pH recorder had been 
perfected for use under the severe conditions of the 
experimental plant, situated as it was out in the open. 

Rapid progress with the whole investigation became 
possible as soon as reliability was attained in the pH 
recorder, and the major outlines of the correct form of 
the non-effluent process were being drawn up towards 
the end of the first third of the time period covering 
this work in connection with boiler flue gases. The 
modified process with a purge to drain, as described at 
the end of Section III H, had been evolved in its major 
features a little earlier. 

The last two-thirds of the time period have been 
spent in filling in the details of the correct form of the 
process, from the results of continuous long-period runs. 
Experience gained during the early running of the plant, 
before a delay tank had been incorporated, had demon¬ 
strated that slow scaling might not become appreciable 
until after 300 hours’ running. The authors therefore 
decided not to accept the results of any test run of less 
than 500 hours’ duration at full load, as evidence of 
freedom from scaling or silting or bird’s nesting. Further 
experience confirmed the wisdom of this decision, and 
indicated that the final confirmatory tests should not 
be less than of 1 000 hours’ duration. 

B. Typical Operating Figures of the Developed 

Process. 

Below, in Table 3, are given typical operating figures 
as representative of the daily records obtained during 
long continuous runs, during which the packing has 
remained perfectly clean. Some of the runs have been 
witnessed, or inspected, by representatives of independent 
authorities. In Table 3 are included typical figures for 
runs with pnlverized-fuel firing and with pseudo-stoker 
firing, the conditions appertaining to the latter having 
been explained above. 


Table 3, 

Operating Figures for the Pilot Plant. 
General Conditions. 

Packing: 

Primary elements 3 • 7 x 2 • 88 ft. 

1 in. deep, f in. pitch wooden grids, 4 sq. ft. 

Depth of grid packing, ft. . . 

Total surface area of grid packing, sq, ft. ., i 

Total surface area of grid packing, pins primary 
elements, sq. ft. .. .. . . .. .. 2 

Gas Velocities: 

At inlet into scrubber at 2:20° F., ft. per sec. 
Immediately under packing at 220° F., ft. per sec. 

At exit through sprajr eliminators at 120° F., 
ft. per sec. .. 

Pressure drop over whole tower, in. water gauge .. 
Pressure drop over packing only, in. water gauge.. 

Analysis of Coal Fired: 

Ash = 13 per cent; S = 1-7-2-0 per cent. 

Conditions for Pulverized-Fuel and Pseudo-Stoker Firing. 


41 

3 

i 820 

9 OCIS 


13 ’ 8 

4- 0 

5- 9 

D2 

0-8 



Equivalent rate of coal fired at 
12|- per cent COg, Ib./hr. 

Effective sulphur in coal fired, per 
cent 

Maximum gas rate, cub. ft. per 
min. at N.T.P. 

Circulating water rate, galls, per 
min. 

Delay time, mins. .. 

COg in flue gas, per cent .. 

Inlet gas temperature, “ F. 

Exit gas temperature and circu¬ 
lating liquor temperature, ° F. 

Typical concentration of sus- 
• pended solids— 

CaSO^ . 2 H 2 O, per cent 
CaSOg . 2 H 2 O, per cent 
CaCOg, per cent 
Ash, per cent 
Total, per cent .. 

Alkalinity of liquor at scrubber exit 
to methyl orange (pH 4*5), 
grain equivs. per gall. 

pH at scrubber exit hopper 

pH at scrubber inlet (head tank):— 
lime doping 
chalk doping 

Gas Analysis: 

Inlet —Dust, grains per cub. ft. 
at N.T.P. .. .. •. 

Total sulphur, grains per cub. 
ft. at N.T.P. 

0^lUet —Dust, grains per cub. ft. 
at N.T.P. .. .. 

Total sulphur, grains per cub, 
ft. at N.T.P. .. .. 


1-7-2-0 


3 150 


260-440 

2-5-3*5 

12-14 

220 


3*2 
2-9 
0 • 4 
7'5 
14-0 


6-13 

0-5-0-8 


1 140 

1'3-D5 

3 270 

260-440 

2*5-3*5 

10-13 

167 


3-5 

10-0 

0-5 

5*0 

19-0 


0*6-1*3 
0-4-0-6 


0*1~0*2 0*06-0*13 


C, Performance of the Pilot Plant with Reference 
TO Extraction Efficiencies. 

Numerous tests have been made on the pilot plant to 
determine its performance in the extraction of dust, 


Alkali Consumption: 

Maximum of theoretical equiva¬ 
lent of SO 2 absorbed, per cent 90 110 
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sulphur oxides, nitrogen oxides, and hydrogen chloride. 
The average efficiencies of removal are:— 

Percentage 

removal 

For sulphur oxides . . .. . . . . 97-99 

For nitrogen oxides . . .. .. . . 60-70 

For hydrochloric acid . . .. .. . . 90-93 

For grit and dust from pulverized-fuel boiler 97—98 
For dust from pulverized-fuel boiler left in flue 
gas after having passed through a well- 
known wetted tube deduster . . .. 90-93 


Since the total gas quantity going to the pilot plant was 
measured, it was possible to calculate with accuracy the 
rate at which gas should be drawn through the sampling- 
nozzle. The dust filter consisted of four layers of finely 
woven cotton cloth wound round a wire former contained 
in a jar. Gas passed from the inside of the jar, through 
the filter and out through a tube, within the wire former, 
to an orifice plate flowmeter. After use, the innermost 
layers of the filter cloth were found to be quite clean—an 
excellent testimony to the efficiency of the filter cloth. 


Table 4. 

Typical Efficiency Figures for the Pilot Plant. 

Concentrations in grains per cub. ft. at 68° F. = 2-29 mg per litre at 20° C. = 1 720 parts SO^ per 10® 

Lime neutralization, except where otherwise stated. 


gas. 


Type of 
flue gas* 


Date 

Gas rate, 
cub. ft, 
per min. 

Inlet 

Exit 

Efficiency 

Depth of grid packing, ft. 
No primary elements 


at N.T.P. 




fitted 


Remarks 


6/10/33 

4 680 

0-62 

0-012 

98-0 

5 ft, steel 

10/10/33 

4 680 

0-48 

0-022 

96-6 

5 ft. steel 

22/ 5/34 

3 160 

0-73 

0-018 

97-6 

3'5 ft. wood 
+ 0*5 ft. steel 


Overload gas rate 
Overload gas rate, using chalk 
Normal gas rate 


U 

26/ 6/34 

3 160 

0-037 

0-0032 

91 

U 

27/ 6/34 

3 160 

0-085 0-0030 

Oxides of Nitrogey 

96 

i, recorded 

U 

24/ 6/34 

3 160 

0-070 

0-027 

61 

u 

31/ 6/34 

3 160 

0-074 

0-030 

60 


Dust. 


17/ 8/33 
10/10/33 
15/ 8/33 

18/ 4/34 
1/ 6/34 

251 6/34 
26/ 6/34 


4 580 
4 680 
4 440 

3 620 
3 160 

3 160 
3 160 


0-795 

1-13 

4- 10 

5- 38 

6 - 10 

3 • 96 
4-85 


0-055 
0-113 
0 • 065 

0-057 

0-131 

0-109 

0-083 


3 • 5 ft. wood 
+ 0 • 5 ft. steel 
3*5 ft. wood 


3 - 5 ft. wood 
+ 0-5 ft. steel 
3 - 5 ft. wood 
+ 0-5 ft. steel 


5 ft. steel 
5 ft. steel 
5 ft. steel 

5 ft. steel 
3 - 5 ft. wood 
+ 0-5 ft. steel 
3-5 ft. wood 
3-5 ft. wood 


Average figures for NO content of 
retort and chain-grate-fired 
boilers were 0 • 03-0 • 04 grain N 
per cub, ft. 


1 Overload gas rate. General soot- 
j blowing during test 
Overload gas rate. Combustion 
chamber soot blown 
No soot-blowing 
No soot-blowing 


General soot-blowing 
No soot-blowing 


» U - Undednsted gas direct from pu.vorized-fuel boUer. D = Dedusted gas direct fro^ pulverised-fuel boiler, pseudo-stoKer-fad couditions. 


The tests with regard to the sulphur oxides were made 
samples ^ of the gas through absorption 
ubblers, fitted with sintered glass dispersion plates, and 
containing N/10 or N/lOO NaOH plus N/5 H«0,. The 
volume of gas passing the bubbler was measured on a 

rota,ry gas meter, and the excess alkali was titrated 
against standard acid. 

4 . performance were made according 

to the ^commendations given in the 1932 Report of the 
ommittee appointed by the Electricity Commissioners.* 

* See Reference (1), 


Table 4 illustrates the high efficiencies of extractic 
obtained with normal running of the pilot plant, whic 
IS ea,sily capable of reducing the SO, content in the ex- 
gas to below 20 parts per million by volume (0-01 grai 

sulphur per cub. ft.). 

shows photomicrographs of typical sample 
of dust collected on filters from before and after th 
pilot-plant scrubber, when fed with gas direct from 
powdered-fuel boiler. The small size of such particle 
o dust as remain m the gas after the scrubber i.s we: 
us 'ra e y some of these photographs, which sho\ 
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that it is mostly less than 5 microns—aggregates formed 
during collection on the dust filters being neglected in 
this respect. 

The authors have, on several occasions, given to 
Official Authorities a special and ocular demonstration of 
the remarkable efficiency given by the plant in the 
removal of fine particles. This demonstration is obtained 
by producing deliberately, and for a short time (sufficient 
for the demonstration), black smoke, by reducing the 
air feed to the combustion chamber of the boiler from 
which some of the flue gas passes to the scrubber. The 
portion of the flue gas issuing from the stack following 
the scrubber preserved the normal white appearance 
associated with its moisture content, and the white cloud 
rapidly and completely dissipated as usual. The 
remainder of the flue gas passing through another stack 
was dense black even although the gas had passed 


Provided the pH of the liquor at the scrubber exit is 
maintained above a general average of 6-2, corrosion of 
the scrubber hopper and shell is negligible. Although 
the pilot plant has been run under a variety of conditions 
and almost continuously for some 20 months, the J in. 
mild steel plate forming the tower shell displays no 
appreciable or measurable thinning. The mild-steel 
duct-work for the gas exit is also in excellent condition. 

The lowest sections of the grid packing, and the sus¬ 
pended deep plates underneath, corrode at an appreciable 
rate if made of mild steel, owing to the local variations 
in pH arising there from the relatively rapid mass rate 
of SOg absorption. Grids and plates made of wood, 
corrosion-resisting steels, hard copper, and brass, are 
perfectly satisfactory. 

Valves in the liquor pipe lines should not contain any 
dissimilar metals which can give rise to contact corrosion 



i 


Bust in gas before scrubber. Dust in gas after scrubber. 

Fig. 11. Photomicrographs ( X 550) of samples of dust collected on filters during operation of the pilot plant on flue 
gas from a powdered-fuel boiler. Note that these photographs have no bearing on dust concentration, but 
merely illustrate the size of the particles. 


through the wetted vertical element deduster attached 
to the boiler concerned. 

The exit gas from the plant is so free from SOg that 
it is practically odourless. So sensitive is the nose to 
minute concentrations of SO 2 that it is possible to tell 
at once when the concentration in the exit rises above 
0-02 grain sulphur per cub. ft., as occurs when the pH 
of the liquor leaving the scrubber falls below about 5 -8. 

D. Mechanical Reliability of the Pilot Plant. 

From the mechanical aspect, the plant is extremely 
simple since it consists only of tanks, slurry pumps, and 
pipes.■ , ■ ' ■ 

As the circulating liquor contains 10 to 20 per cent of 
abrasive solids in a liquor which is mildly corrosive owing 
to dissolved COg, it has been found advisable to: (i) Keep 
the velocities of liquor in mild steel or cast iron pipes 
below 7 ft. per second; (ii) line all ‘'slurry'" liquor bends 
with rubber; and (hi) use axial flow pumps in the main 
circulating system, the pumps having rubber-lined 
casings and rubber-lined or corrosion-resistant steel 
impellors. 


from a liquor containing dissolved COg. Mild-steel valves 
cannot be used for throttling the liquor, as the combined 
effect of erosion and corrosion then becomes serious. 
Rubber-lined valves of good design, however, can be 
used for this duty. 

Since soluble sulphates attack ordinary Portland 
cement,* all tanks in concrete should be lined with a 
compact layer of aluminous cement. 

E. Freedom FROM Scaling with the Pilot Plant. 

With the correct methods of operation applying to the 
developed process, as described in Sections II and III, 
the immunity from scaling is best shown, perhaps, by 
the following details of the recent running of the plant 
over consecutive periods exceeding a total of 3 500 hours. 
During this time the test conditions were changed from 
time to time as indicated, but the essential operating 
methods were, of course, maintained throughout. 

The test conditions referred to were as follows:— 

(i) 9G0 hours on flue gas .from a pulverized-fuel boiler, 
the gas being taken from before the wetted vertical 

♦ See Reference (6). 
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element deduster fitted to the boiler. The plant was 
quite free from scale at the end of this run, but there was 
a bird’s nest of a few inches diameter passing straight 
through the grid packing and registering with a cor¬ 
responding choked patch in the primary liquor distribu¬ 
tors under the scrubber head tank. It was found that 
these distributors had been incorrectly assembled. 

(ii) 560 hours on gas from after the deduster just men¬ 
tioned. First the liquor distributors were reassembled 
(a very simple operation) and the scrubber chemically 
cleaned with soda as described in Section III G. 

(iii) 2 100 hours under a variety of testing conditions 
with gas from before and after the boiler deduster 
mentioned. 

Except for the birds’ nests that arose from inadvertence, 
the packing remained throughout as clean and free from 
scale as when it was new. 

During the greater part of the above time the make-up 
water was a hard surface water drawn from a local stream. 
Tests of over 700 hours' duration are, however, included 
with make-up water from the estuary of a tidal river. 
This estuarial water is on the average over tw^o-thirds 
sea-'water. 

Lime was used as alkali during the first tw’-o tests, but 
chalk was used for over 1 000 hours during the final tests. 

Section V—EXAMPLES OF THE PROCESS 
'. APPLIED TO LARGE BOILER PLANTS. 

A. Typical Flow-sheet as applied to Powdered- 
Fuel Boiler Plant for a Power Station of 
120 000 kW Installed Capacity. 

The application of the process to large boiler plants 
may best be seen by considering a typical flow-sheet. 
For purposes of convenience a boiler installation with 
boilers of the capacity given on page 29 of the 1932 
Report of the Committee appointed by the Electricity 
Commissioners* will be considered as an example:— 

{a) Station Capacity and Number of Boilers. 

Installed turbine capacity, kW .. 

Number of boilers 

Probable maximum number of boilers working 
on full load. 

(5) Boiler Data. 

Maximum evaporation per boiler, lb. per hour 
Maximum flue gas rate per boiler at 275° F. and 
13 per cent COg, cub. ft. per min. 

Peak gas rate at low COg and maximum capacity 
of induced-draught fans, cub. ft. per min. 

Peak coal consumption per boiler, lb. per hour 
Analysis of coal:— 

Ash, per cent .. 

Sulphur, per cent 
Carbon in the ash, per cent 

(c) Lime Storage. The alkali storage necessary for a 
plant reasonably near to lime kilns or chalk supplies and 
a fairly low night load can be taken as:— 

Lump lime in bunkers for 6 boilers on full load, 

; ^ •• . 3 

Milk of lime slurry storage (7 per cent concentra¬ 
tion), hours for 6 boilers .. .. .. 

* See Reference (1). 


120 000 
8 

6 


200 000 

100 000 

110 000 
25 000 

13 

1*5 

15 


[d) Lime Consumption. —The sulphur left in the ash is 
negligible. With powdered-fuel firing, experience has 
shown that the alkali consumption will not be greater 
than the theoretical equivalent of the sulphur in the 
coal, as a little alkali is also supplied by the ash. 

Sulphur to scrubber per boiler, lb. per hour . . 375 

Commercial lime requirement per boiler (95 per 

cent CaO), lb. per hour . . .. .. 691 

7 per cent lime slurry flow per boiler (spec. grav. 

1*05), galls, per min. .. .. .. 15*7 

Total lime bunker requirement, tons .. .. 135 

Volume of 7 per cent lime slurry storage tanks, 

galls. „ , ,. .. .. 90 000 


The lime slurry is prepared in batch or rotary slakers 
of conventional design (usually as a 20 per cent slurry 
which is subsequently broken down). With lime slaking 
for 16 hours per day it is sufficient to install two pans 
(one spare) each of 4 tons per hour capacity. Rotary 
slakers require so little attention that usually they are 
run continuously. 

Chalk sluriy can be prepared in ordinary wash mills 
fitted with suitable screens or classifiers. 

A small soda liquor storage tank is also required. The 
soda can readily be dissolved in the spare lime- or chalk- 
mixing pan. 

The lime slurry is pumped in excess round one of two 
ring mains (one spare) feeding the scrubbers by one of 
two pumps in order to.preserve continuity of supply. 
In order to avoid dead-ends, liable to chokage, the ring 
mains terminate in head tanks overflowing back to the 
storage tanks. 

(e) Scrubber lowers. —Individual scrubber towers may 
be fitted above or alongside each boiler as in Fig. 12, 
or the flue gases may be led to one or two central scrubbing 
plants alongside the chimneys as in Fig. 15. In the latter 
case^ each plant would be subdivided by dampers into 
sections, each capable of taking the gas from one boiler. 
Since the gases are clean, induced-draught fans can be 
placed after the scrubbers:— 


Minimum cross-sectional area of scrubbing 
tower per boiler required to avoid liquid 
carry-over at peak rate, sq. ft. 344 

This area^could be arranged, for example, in 16 cells, 
each 4 ft. 8 in. square, arranged in two nests. The total 
area of this arrangement would be 348 sq. ft. 


Number of primary elements per boiler 

Approximate size of each element, ft. .. 3- 

Total depth of grid packing (| in. pitch, 1 in. 
deep), ft. .. 

Free space in packing of in. strips, per cent 
Surface area of grid packing, sq. ft. .. 

Total washing surface per boiler, sq. ft. 
Pressure-drop through scrubber and associated 
flues on full load, in. water gauge 


256 

5x4*5 

4 
87 
45 200 
53 250 


1*6 


{f) Re-circulating Liquor System. 

Maximum liquor rate per scrubber, galls, per 

. *: 

Minimum liquor rate per scrubber, galls, per 
min. .... 


9 500* 
6 300 
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Liquor rate necessary to prevent dust adhesion 
and scaling with I * 5 per cent sulphur coal 
and full gas rate, galls, per min. . . . . 8 00 @ 

Minimum capacity of delay tank, pipes, 
scrubber head tank and hopper required 
for 2*7 minutes delay period, galls. . . 22 000 

Total head above pumps, ft. water , . . , 30 

It is advisable to install at least two working re-circu¬ 
lating liquor pumps on each scrubber, so that the water 
supply to the packing does not fail completely if one 
pump should trip out. The pumps should be fed from 
separate power distribution boards. If spare pump 
capacity is desired cheaply, three pumps can be installed 
for full output. Then, in the event of failure of one 
pump, it is possible to run the boiler up to two-thirds 
full load. 

{g) Composition of Flue Gas going to Atmosphem ,—• 
Including soot-blowing periods, about 75 per cent of the 
total carbonaceous ash from the coal will pass to the 
scrubber. Of this 98 per cent will be absorbed. 

Concentration of dust in inlet hue gas, grains dust 

per cub. ft. at N.T.P. . . .. .. .. 4*92 

Concentration of dust in exit flue gas, grains dust 

per cub. ft. at N.T.P. .. .. . . .. 0* 

Total dust to atmosphere per boiler, lb. per hour 60 
Concentration of sulphur oxides in inlet gas, 

grains S per cub. ft. at N.T.P, . . .. O - 64 

Concentration of sulphur oxides in exit gas, 

grains S per cub. ft. at N.T.P. . . . . 0* 013 

Total sulphur oxides to atmosphere per boiler 

(as sulphur), lb. per hour- .. . . .. 7*5 

(h) Solids formed in Scrubber Liqtwr .—The extent of 
oxidation of the CaSOg to CaSO,^^ within the system 
depends on the catalysts in the ash and lime, but 50 per 
cent oxidation is a fair assumption. 

The solids formed per boiler are then:— 


Ash and inerts from lime and excess 


* • • 

• t 

lb./hr. 

. . 2 868 

Percentage 

60-3 

CaSOg. 2HoO 

• • 

897 

18-9 

C-aSO^.SHgO 

• « 

988 

20-8 

Total 

■ « 

. . 4 753 

1OO'*0 


The apparent CaCOg content of this mixture, after 
oxidation by H 2 O 2 , will be 3 to 5 per cent, depending on 
the alkalinity of the ash and the accuracy of the lime 
addition. 

Maximum output of solids with '6 boilers on full 

load, tons per hour .. .. .. , .13 

(j) Purge to Settling System .—For scale prevention it is 
desirable to carry 3 per cent each of suspended calcium 
sulphite and sulphate in the circulating liquor. This is 
achieved by maintaining the concentration of total 
suspended solids above 14 per cent. 

Hence, purge from one boiler with 100 per cent 

clarification (density 1 • 1), galls, per min. 51*5 

[k) Delay The absorption of sulphur during 

each passage of the liquor (8 000 galls, per min.) through 
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the scrubber is 5*4 grains per gallon. Hence, with 
50 per cent oxidation, the delay time should be 2-4 
minutes. As any increase in the oxidation increases the 
concentration of suspended calcium sulphate, and so 
increases the rate of crystallization, this delay time is 
sufficient. 

{/) Temperature of Circulating Liquor ,—The partial 
pressure of moisture in the flue gas from a typical 
Durham coal duff = 0*063 atm. at 13 per cent CO^. 
With an inlet-gas temperature of 275® F. the exit 
temperature and temperature of the circulating water 
become 124® F. 

(m) Water lost hy Evaporation .—The increase in partial 
pressure of water in the gas is 0-065 atm. 

Hence water evaporated on full load, galls, per 

* •• •• •. .. .. .. = 21*8 

or tons of water per ton of coal . . .. =0-52 

(n) Final Volume of Flue Gas .—The final volume of 
wet flue gas at 124® F. becomes 85 300 cub. ft. per min. 

(o) Extra Power Consumption hy Induced-Draught Fans, 

If the induced-draught fans of the boiler are placed 

after the scrubber, this reduced gas volume is in most 
cases sufficient to compensate for the extra power con¬ 
sumed on account of the draught loss due to the insertion 
of the scrubber. 

Thus, with the assumptions:— 

Load factor, per cent. . . . . 50 

Chimney height above scrubber, ft. . . .. . 200 

Gas velocity in chimney, ft. per sec. . . .. 33 

System resistance in boiler, in. water gauge ., 4*5 

Draught loss in scrubber and associated ducts, 

in. water gauge. [ 0-^ 

Overall efficiency of fan and motor, per cent .. 60 

The extra power consumption per boiler is of the 
order of only 7 kW. 

{p) Settling and Filtration Plant .—The surface area of 
efficient continuous settling plant required to remove 
13 tons per hour of solids from a scrubber on powdered- 
fuel firing is approximately.3 000 sq. ft. This figure is 
based on running experience with a Boby conical settler 
(Andrews patent). 

It is unnecessary and uneconomic to supply settling 
plant of sufficient area to produce a clear overflow, as 
this overflow is returned to the scrubber circulating 
system. The authors have found that a clarification 
efficiency of 70 per cent is sufficient, and in fact has the 
advantage that the smaller CaSOg and CaSO. particles 
are returned to the scrubber to grow larger. 

The sludge discharged from the settler contains 33 to 
40 per cent solids. This may be de-watered on a con¬ 
tinuous rotary vacuum filter to 35—40 per cent FIi^O. 
The filtration area required for 13 tons per hour dry 
solids is 500—700 sq. ft., depending on the design and 
speed of rotation of the filter drum. As already men¬ 
tioned, continuous discharge centrifuges (page 16) may 
be installed instead of settlers and filters. The moisture 
content of the mud discharged from this type of apparatus 
is slightly higher at 48 per cent. 

^ '^otal JSdake-up Water and Liquor Ealance .—With 
six boilers on full load, and with an average of 35 per cent 


moisture in the filtered rejected mud, the make-up 
of fresh water is as follows :■— 

- galls, per min. 

Replacement of loss by evaporation .. .. 131 

Replacement of loss with wet mud .. .. 25 


Total make-up.. 

or 0 - 62 ton of water per ton of coal fired. 

_ . , , ,. galls, per min. 

Total purge to settling plant (70 per cent clari¬ 
fication) or approximately 2 tons of liquor 

per ton of coal fired . 44O 

Total water required to prepare 7 per cent lime 

slurry.. 

Make-up water to glands and “ mixed ” liquor 
tank .. .. .. .. . . ^ ^ 

B. Control of Plant: Labour Required. 

Unit System. —^With a unit system of one scrubber to 
each boiler, no extra labour is required for operation 
of the scrubbing units. The lime addition can be con¬ 
trolled automatically from the pH recorder, or manually 
by the boiler operator. The only other control is that 
of the purge. In one system of operation an overflow 
purge pipe is fitted in the scrubber hopper (10 in Fig. 9) 
and the purge is controlled by the operator varying the 
amount of mixed liquor supply from the settling 
plant to the scrubber system, according to the reading 
of a density recorder indicating the proportion of sus¬ 
pended solids in the system. In such a system, the total 
clarified liquor from the settlers common to all the 
I scrubbers is collected in a tank fitted with a make-up 
' supply controlled by a ball valve (16 in Fig. 9). The 
control of the make-up supply is then automatic. 

Periodical routine inspection is required of the scrubber 
head tank and hopper levels, while occasional sweeping 
with a wire broom will ensure that the liquor distribution 
nozzles in the scrubber head tank remain clear without 
interfering with the normal running of the plant. 
Generally speaking, these duties may be performed by 
the part-time services of a man occupied on general 
inspection of all boiler-house auxiharies. 

For a boiler plant of the size described in this flow sheet 
there are also required on the unit system two men per 
shift for operation of the settling and filtration plants, 
lime supply and return liquor pumps, or one man if 
centrifuges are installed instead of settlers and filters. 
The lime-unloading and slaking plant will also require 
two men on two or three shifts according to the design 
of the plant, the magnitude of the night load, and the 
size of the slurry stock tanks. 

Central System. —^With a central system, three men on 
shift will be sufficient to operate the whole of the plant 
owing to its greater compactness. Two men, as before, 
will devote most of their time to lime unloading, slaking' 
and storage, whilst the third will be concerned with the 
control of the whole of the scrubbing plant proper from 
a central control panel. 

It is assumed that continuous lime slakers of modern 
design with modern unloading equipment are supplied in 
both the above plants. 

Mud Disposal. The mud rejected from the system is 
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moist and easy to handle. No extra labour is therefore 
required for the disposal plant above that required for 
disposal of the ash collected in alternative systems 
normally supplied for the dedusting on pulverized-fuel 
plants. 

Staff Supervision .—Although the plant is primarily a 
chemical plant, introducing many new features to 
power-station engineers, they will have no more difficulty 
in controlling it than they have in the softening and 
conditioning of the boiler feed water. The extra plant 
involved in the scrubber will, however, require the part- 
time services of one chemist-manager for supervision. 

C. Examples of Commercial Installations. 

Three typical examples of lay-outs for commercial 
plants are illustrated in Figs. 14, 15, and 16, and two 
typical designs for scrubbing towers to be installed on 
the unit principle are shown in Figs. 12 and 13. 

In Fig. 12 the scrubber consists of two nests of cells; 
each nest has two rows of three cells and each cell is 
5 ft. 3 in. square. A plant incorporating four such 
scrubbers, each for a boiler of 200 000 lb. per hour 
evaporation, is now in course of erection. The following 
details of this particular design should be noted:— 

(i) Inlet ducts on one side only of each nest of cells, 
the cells having a common hopper bottom, with a single 
liquor outlet, but with a division plate down the centre, 
the bottom edge of this division plate being submerged. 
This last feature, in conjunction with dampers in the 
gas inlet ducts, enables one nest to be opened up while 
the other half of the scrubber is running. 

(ii) The very large gas space at entry within the 
scrubber, a feature making for good gas distribution, 
which in all cases is further ensured by the small but 
designed pressure-drop across the liquor distributors on 
the deep plates, or primary scrubbing elements. 

(hi) Gas exit ducts on both sides of each nest of cells. 
This reduces the overall height of the scrubber and, 
consequently, the pumping costs. 

(iv) The system of vertical assembly ” at the top of 
the scrubber, whereby, commencing at the top, each 
component can be lifted out in turn without undoing any 
bolted connections. This is a standardized feature. 

(v) The quick-opening doors, one to each cell. These 
doors, which are fitted as standard, give immediate 
and complete access to the grid packing, which can be 
withdrawn and replaced quite easily—an arrangement 
contributing to ease of erection. 

(vi) The simplicity - of the large-capacity overflow, 
ensuring that in no circumstances can liquor get down 
the flue-gas uptake to the scrubber. 

Fig. 13 shows a scrubber for a boiler of 250 000 lb. 
evaporation per hour. In this case each boiler scrubber 
consists of two separate scrubbing towers, each with its 
own delay tank. Each scrubbing tower consists of two 
nests of cells, each nest has two rows of three cells, and 
each cell is 4 ft. 6 in. square. This arrangement fitted 
in very well with the two Howden-Ljungstrom air pre¬ 
heaters per boiler. Gas entry and exit is on one side 
only of each nest of cells, a feature in this case largely 
dictated by the plant being required to conform to a 
building already designed and nearly erected. The 
further items to be noted are:— 


(i) Vertical assembly, overflow arrangements, and 
quick-opening doors as for Fig. 12. 

(ii) The pump arrangement, whereby either scrubbing 
tower can be run from either pump, and either pump 
can be dismantled with either or both scrubbing towers 
running (each pump being capable of delivering 50 per 
cent more than the maximum liquor rate required for one 
scrubbing tower). 

(iii) The pumps are driven by variable-speed motors. 

A minimum number of valves is used. These valves 

are of straight-through design; they are not used for 
throttling. 

It will be readily appreciated that the system of cell 
construction adopted for the scrubbers not only enables 
the grid packing to be assembled in units of one or two 
grids easily handled, but also lends itself very readily 
to adaptation to the scrubber form or arrangement 
called for by any building or site requirements. 

The three major possibilities with regard to complete 
plant lay-out are clearly exemplified in:— 

(a) Fig. 14, as showing a unit system in which the 
scrubbing section is in the boiler house and the lime and 
solids separation sections are outside. This scheme, 
with its exaggerated emphasis of the division of the 
plant into three sections, contrasts strongly with 

(b) Fig. 15, showing a compact central system in which 
the whole plant is outside the boiler house. This scheme 
offers the cheapest ensemble, pipe lines being reduced to 
a minimum and no parts being housed in a building. 
It will not be applicable, however, to many power stations 
in the larger towns, where site area is too valuable or too 
restricted to permit of horizontal spread. In such cases 
a central system can be put in the boiler house, as 
indicated in 

(c) Fig. 16, where a central system installed in the 
boiler-house basement is shown. This scheme has a 
number of attractive features, practical and economical. 

These three basic schemes permit of so many varia¬ 
tions in arranging or combining the main three sectional 
components that it seems very unlikely that there can 
be any station, projected or erected, where the plant 
could not be installed. 

Section VI.--CAPITAL COSTS AND RUNNING 

CHARGES. 

A. Capital Costs. 

The general economic problem of atmospheric pollu¬ 
tion was dealt with in Section I. There now remains 
to be considered the narrower and more particular 
incidence of the economic problem, as affecting the 
actual figures of the costs and charges to be entered in 
the ledgers against power production. 

No appropriate charges have, in the past, been entered 
on the debit side of these ledgers in respect of the material 
damage, loss in amenities, and injuries to health, which 
have been so irrationally overlooked in the past. That 
such charges, as book charges only, should have been 
entered or always borne in mind can be justified fully. 
The power-station administration and executive would 
then have been concerned with the savings they would 
effect^ and not with the charges they would incur from 
the installation of adequate flue-gas cleaning plant, 
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w'hiist the community would have known the real costs 
of power production instead of the partial costs covered 
by the rates given in accounts for pa 3 ^ment presented 
by the distributing companies. Admittedly, somewhat 
similar remarks apply with equal force to the other 
sources of industrial pollution, but, as indicated in' 
Section I, the large point sources in urban areas must be 
dealt with first. 

In arriving at estimates of the average capital costs, 
a fiue-gas cleaning installation, for which the flow sheet 
was given in the previous section, will be considered. 
Such an installation would apply to a power station, of 


(a) On the unit system, 8 scrubbing- units, eacli of 
350 sq. ft. cross-sectional area, and each complete with 
delay tank, re-circulating pumps, instruments, etc. 

(b) On the central s^rstem, 6 scrubbing units, each 
350 sq. ft. cross-sectional area and eacli complete as 
before. 

In the former case the number of scrubbing units in 
commission at any time would be the same as the 
number of boilers in use. In the latter case five units 
would be sufficient for the maximum load on the boiler 
house, and there would always be at least 
unit as a standby. 


j:e 


Table 5. 

Capital Cost and Capital and Maintenance Charges for a Flue-gas Scrubbing Plant for 8 Boilers of 

200 000 lb. per hour Evaporation. 




Unit system 



Central system 


Total scrubber area . 

Number of units •] . 


2 800 sq. ft. 

8 



2 10(1 
6 

' sq. ft. 



Capital 

cost 

Capital 
charges at 
10 per cent 

Main¬ 

tenance 

Main¬ 

tenance 

charges 

Capital 

cost 

Capital 
charges at 
10 per cent 

Main¬ 

tenance 

Main¬ 

tenance 

cliarges 

1 . Scrubber, including delay tank re¬ 
circulating pumps and pipes, flues, 
instruments 

£ 

108 000 

£ per year 

10 800 

per cent 

3 

£ per year 

3 240 

£ 

83 000 

£ per year 

8 300 

per cent 

3 

£ per year 

2 490 

2 . Lime Plant, including unloading 
plant, bunkers, slurry?- prepara¬ 
tion stock tanks, and pumps .. 

■ 

19 000 

1 900 

2 

380 

16 000 

1 600 

2 

320 

3. Settling Plant, including pumps 
and purge liquor piping ,. 

23 000 

2 300 

1 

230 

22 000 

2 200 

1 

i 

220 

4. FiltYdiion Plci'ni^ including pumps 
and piping . 

8 000 

800 

4 

320 

8 000 

800 

4 

320 

5. Foundations and miscellaneous 
charges incurred by power station. 

5 per cent of capital cost 

7 900 

790 

Nil 

Nil 

6 450 

645 

Nil 

Nil 

Totals .. 

* * • • 

165 900 

16 590 


4 170 

135 450 

13 545 


3 350 


uuu E yv installed capacity and with 8 boilers of the 
size mmtioned on page 29 of the 1932 Report of the 
appointed by the Electricity Commissioners, 
Report under the heading of 
and Operating Costs." The authors have taken 
this size as being m accord with modern practice and 

fiLes making any comparison with the cost 

be rAff® Ctearly there could 

Se C cDr " oomparison, for the costs in 

^ ypertam to widely divergent values. 

SSrSeTk^"°"" “ Rigs. 14 and 16, 4e 

appreciably less than that of the 

coSSraJon P°^®y®^tion of the size now under 
ubiaeration, there would be required:_ 


^ A comparison of the capital costs for the two systems 

is given in Table 6. P'or the figures given with the unit 
system, the scrubber has been debited with the co.st of 
the short lengths of flue ducts leading from the air 
preheaters to the scrubbers, and from the scrubbers to 
the induced-draught fans; whereas for the central .system 
1 m assumed that the flue gases, in any case, would be 
c^ned by one or two central flues to one or two chimneys 
placed at the end or ends of the boiler house, and that 

consequently the scrubbing plant would be charged with 

to^the'Sflmneys^ of duct additional only and adjacent 

_ In the above comparative figures it is assumed that 
thfrtoundations for the scrubber structures of the central 
system and the cost of strengthening the boiler house 



ACID CONSTITUENTS FROM FLUEGASES. 


steelwork in the units system are equal, at 5 per cent 
of the capital cost of the whole plant. 

The cost of applying the process to existing boiler 
plants is bound, in general, to be greater than the cost 
of installing the process in new power stations, even 
where the flue-gas cleaning, plant must be accommodated 
in the boiler house, provided this latter is from the first 
considered as a home for the boilers and flue-gas cleaning 
plant, e.g. as in the case illustrated by Fig, 16. 


(iii) Lzme. —The load factor of the power station has 
been assumed to be 66 per cent (i.e, 66 per cent of 
120 000 kW), and the alkali used has been taken as lime 
at £1 5s. per ton of 95 per cent CaO, a price that would 
probably rule in practice for the majority of power 
stations, although chalk may be cheaper in some instances 
and much cheaper in a few. 

(iv) Cost of Power, —This has been taken at the basic 
rate of 0*2d. per kWh, as given in the list of graded 


Table 6. 

Annual Operating Cost of Flue-gas Scrubbing for Power Plant of 120 000 kW Capacity. 


A ssumptions: 

Turbine capacity 
Coal consumption 
Annual load factor 
Pump efficiency 


120 000 kW 

1 • 2 Ib./kWh or 372 000 tons/year 
66 per cent 
72 per cent 


Assumptions: 

Fan efficiency .. 
Motor efficiency 
Charges for power 
Cost of lime 


60 per cent 
90 per cent 
0* 2d. per kWh 
£1 • 5 per ton 


Cost of alkali (lime) 

Unit system 

Central system 

Particulars 

Cost per annum 

Particulars 

Cost per annum 

10 300 tons at 30s. per ton 

£15 450 

10 300 tons at 30s. per ton 

£15 450 

Power Consumption : 

kWffi 


£ 

kWh 

£ 

Re-circulating pumps (average) 

490 


3 570 

490 

3 570 

Lime pumps 

4 


29 

1 

7 

Make-up water 

. 4 


29 

1 

7 

Return liquor 

12 


87 

4 

29 

Filter plant 

120 


876 

120 

875 

Induced-draught fans 

42 


310 

42 

310 

Total power consumption .. 

672 kWh 


£4 900 

658 kWh 

£4 798 

Overall power consumption per ton of coal 






fired, kWh . 

15-8 kWh 


— 

15 ■ 6 kWh 

1 - 1- 

Labour Cost: 






Scrubber, etc. 

J man on 3 shifts 





Settling and filtration 

2 men on 3 shifts 

>- 

2 030 

3 men on each of 3 

1400 

Lime plant 

2 men on 3 shifts 



shifts 


Contribution : 

J 





Chemist and instrument supervisor 

(part time) 


250 

— 

260 

Total operating cost 


£22 630 


£21 898 


B. Running Charges. 

In arriving at the figures for the various items in the 
running charges, as shown in Tables 5 and 6, the criteria 
taken into account were as follows 

[i) Capital Charges.- —^These were taken as 10 per cent 
throughout, a reasonable figure, conforming with that in 
the 1932 Report of the Committee appointed by the 
Electricity Commissioners.* (Table 5.) 

(ii) . —-A percentage of the initial capital 

cost has been taken as the annual maintenance rate, the 
percentage varying with the different sections of the 
plant in accordance with the nature of the apparatus 
in the particular section and as based on experience 
from analogous uses of similar apparatus—a conservative 
figure throughout being preferred. (Table 5.) 

See Reference (1). 


tariffs charged by the Central Electricity Board; actually 
a lower unit charge should be taken, since for boiler 
auxiliaries of the kind in question power should be 
charged on a purely marginal basis—^i.e. marginal for 
all the constituent items—but here the charge taken is 
of no great moment and the authors prefer to be con¬ 
sistent in giving conservative figures. 

(v) Labour. — K figure of £3 per week per man has 
been taken, the labour requirements being generally as 
described in Section V B. 

(vi) Discard of Solids. —^No extra cost has been charged 
against mud disposal, since an urban power station will 
have to get rid of the ash in any case, irrespective of 
flue-gas cleaning; moreover, the methods of solids 
disposal will be multifarious. 

So far as running charges are concerned, the central 





ys em has a gradually accumulative advantage from 
Items fixed as a percentage of initial capital outlay, and 
covering labour and power consumption. Lime con- 
umption in both cases must be the same. ■ 

It IS to be noted that the cost of alkali in London 
using chalk at 8s. per ton (delivered by water), is equiva¬ 
lent to using lime at only 25s. per ton. This estimate is 
ased^ on the use of 35 per cent excess of crude chalk 
containing about 20 per cent moisture. 

In Table 7 are summarized the running charges for 
per km annual charges and as pence 


Table 7. 

Sumnmry of Total Annual Costs of Flue-gas Scrubbing 
Plant for Power Plants of 120 000 kW Capacity. 

Load factor == 66 per cent. 

Coal consumption per year = 372 000 tons. 

Total power generated per year = 695 x 10® kWh. 


Charges 


Capital . . 
Maintenance 
Lime 
Power . . 
Labour . . 


Total 


C. Summary of Costs. 

Summarizing the above, it is seen that the process of 
complete flue-gas cleaning costs;— 

(i) In initial outlay :— 

{a) £1 -4 per kW installed for a unit system; 

.... ^ ^ installed for a central system. 

(ii) In running charges ;—• 

[a) O-OlSOd. per km for a unit system; 

(b) 0 • 0134d. per kWh for a central system. 

To the power-station engineer these costs may seem 
apprecmble, but they are negligible compared with the 
price paid by the private consumer. They also compare 
very favourably with the costs of transmitting power 
from^ a power station situated in the open countrv 
10 miles from the centre of a large urban load. Thus in 
London and other large urban areas the cost of trans- 

mission over such a distance is generally estimated to be 
at least 0* 02d. per kWh.* 

^ Considered on a coal basis the cost of complete flue-s-as 

f 2s. 4d. per ton of coal 

urea. This is small compared with the “ costto the 

community of not cleaning the flue gases, as estimated 
on any reasonable basisif 

* See Reference (7). ^ r,., 

^ . t Ibtd., (8). 


Unit system 

Central system 

£ per year 

Pence 
per kWh 

£ per year 

Pence 
per kWh 

16 590 

O'0058 

13 545 

0-0047 

4 170 

0-0014 

3 350 

0-0012 

16 450 

0 0053 

15 450 

0-0063 

4 900 

0-0017 

4 798 

0-0016 

2 280 

0 - 0008 

1 650 

0-0006 

43 390 

0-0150 

38 793 

0*0134 


Section Vn.— CONCLUSIONS. 

The authors regret that, owing to the exigencies 
necessarily associated with presentation in a single paper, 
they have not been able to include all the subject matter 
desirable and that, even with that included, discussion in 
many cases has had to be curtailed. Doubtless the 
present paper could have been expanded with some ease 
and resulting benefit into at least half a dozen papers 

each dealing with matters of importance, and of some 
obscurity. 

The authors trust, however, that in their attempts to 
present a paper which would be self-contained, inasmuch 
as all the important phases of the subject matter would 
be brought together, they have omitted nothing of 
major importance and have maintained a reasonable 
balance in their methods of presentation. 

While supersaturationside of the process 

developed for flue-gas cleaning may be of great interest 
and appeal to the chemist, what is likely to appeal most 
to the ^engineer is the extremely small ‘^scrubbing 
volume which has been used to give such a high per- 
ormance with a very small pressure-drop, and which 
constitutes but a minor fraction of the total volume of 
the scrubber. ^ The grid packing, in the form adopted to 
meet the specific requirements described in Section IF 
is a contributory factor to the high performance, but 
^ lere are other factors, some of which are of equal 

miportance, e.g. liquor distribution, liquor spread liquor 
rate, and gas rate. ^ 

. The grid-packed scrubber, as described, may be used 
or the removal of fine dust from any gas permitting 
a wet process to be used. It is being used, for example 
for the removal of a fine soluble dust from the exit gases 
of a rotary salt drier working on fertilizers, the gas and 
liquor flows in this case being counter-cur;ent, L ease 
o installation. Practically the same apparatus that is 
eing used for cleaning boiler flue gases can be used for 
c eaning cement kiln gases, the alkali consumption then 
being negligible owing to the lime and chalk content of 
e dust. -The pilot plant has now been transferred for 
trial on this duty. Another application is the removal 
dust from blast-furnace gases, where removal of the 
vapour in the cleaned gas may be readily 

^iv\^ . ^temperature, a process 
w ich will result in an even greater diminutioif of the 
dust content of the gas. 
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Boby and Co., Ltd., for the loan of the small settler used 


Emission of Soot, Ash and Grit from the Chimneys 
of Electric Power Stations (H.M. Stationer 3 r 
Office, 1932). 


Discussion at a Joint Meeting of the Institution of Electrical Engineers and the 

Institute of Fuel, 17th January, 1935. 


Prof. W. M. Thomton; The problem dealt with by 
the paper is at least 400 years old. It began in Queen 
Elizabeth's time, when objection was taken to fumes 
from coal brought by sea from the Tyne into London. 
The matter has been brought to a head by the immense 
increase in the concentration of combustion in modern 
boiler-houses. 

The paper indicates that Newcastle has the worst 
record in regard to atmospheric pollution. That was 
entiiely due to a power house with a chimney of insuffi¬ 
cient dimensions, which just lifted the dust and dropped 
it on to a neighbouring area. The power house in 
question, however, is no longer there. 

Once a solution is found of the smoke problem it will 
stand for all time. The paper aims at giving such a 
unique solution. 

Sir Leonard Pearce: The authors begin their paper 
by taking us back to 1927 v/hen, for the first time, a 
definite obligation was placed on a supply company to 
adopt means for removing the oxides of sulphur from 
the fiue gases. This innovation, however, was not 
promoted by the reasons given in the paper so m,uch as 
by the unfortunate publicity given to the litigation in 
connection with a well-known power station in the North, 
The year 1927 therefore marked a turning point in con¬ 
nection with the treatment of flue gases as a feature of 
power-station design; the London Power Co. were com¬ 
pelled to commence a series of researches, which were 
begun on a small plant, extended to a larger plant at 
their Grove Road station, and continued elsewhere. 
The particulars of these' researches and the results 
ultimately secured at Grove Road and Battersea were 
embodied in the two technical papers referred to by the 
authors, in three Government White Papers, and in 
numerous, technical articles. The final experimental 
plant at the Grove Road station dealt with gases from 
Vox 77 
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a boiler burning some 3|- tons of coal per hour, against 
the I ton per. hour on the pilot or experimental plant of 
the authors. Only so far as the authors appear to 
invite references to the Battersea plant, or directly or 
indirectly to draw comparisons between an effluent and 
a non-effluent system, do I propose to make specific 
mention of the Battersea plant. I assume that most 
engineers know all about it. The solution of the problem 
of flue-gas washing is therefore of recent origin, and, 
as the authors point out, the first patent for a compre¬ 
hensive plant was taken out in 1929 by the London 
Power Co. 

The theme of Section (1) of the paper is: (a) That 
gas-washing plants are necessary in modern power 
stations owing to the emission of dust and acid gases, 
which have a deleterious effect on human life, vegeta¬ 
tion, and the fabric of buildings. (5) That the re¬ 
commendations given in the report of the committee 
appointed by the Electricity Commissioners to consider 
grit emission from power stations, and in particular the 
recommendation contained in that report in relation 
to the height of station chimneys, are of little or no 
value in the matter of dust and acid emission. The 
authors very properly point out that the latter question 
does not come within the term.s of the reference of the 
committee. Support for (^sf) is sensibly growing, but as 
regards (b) I shall be interested to hear what sort of 
reception is given to the authors' somewhat dogmatic 
assertion that high chimneys pfler no solution to the 
problem.^^^^^^^^^^^I^^^^^^^^^^^ to think that this conclusion will 
be very unpopular. The authors' line of reasoning is 
that the emission of dust and acid gases follows the 
laws of diffusion, and is not governed by the weight of 
particles causing them to fall to earth. From the 
purely practical point of view it would appear that the 
deposition of the dust and acid gases is largely governed 
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by such factors as the direction of the wind, down 
draught, and general atmospheric conditions; and that 
fundamentally—other things being equal—it is clearly 
an advantage to have as high chimneys as possible. 
No doubt the authors' curves based on a steady wind 
velocity of 11|- m.p.h. and assuming no other disturbances 
are perfectly correct, but anyone who has spent a con¬ 
siderable length of time in the vicinity of a power station 
will readily agree with an observation of the authors 
as to the sensitiveness of the human organs to minute 
concentrations of SO^. Even under similar load con¬ 
ditions at the station, and burning similar types of coal, 
the proportion of sulphur noticed at ground level can 
vary owing to weather conditions. I therefore suggest 
the possibility of attaching too much importance to 
theoretical mathematical calculations, which may tend 
to be of more academic than practical significance. 

Many engineers are impressed with the possibilities of 
an all-alkali non-effluent process, and some extensive 
researches on this subject have been carried out at the 
Grove Road station; but the authors' suggestion that 
some form of wet washing leads necessarily to the admis¬ 
sion that the type of flue-gas washing to be adopted 
should not have any discharge into rivers or streams, 
appears to be an over-statement of the case. In this 
matter we are concerned with two sets of conditions: 
(1) in which there is an ample river water supply available 
to the power station, making it permissible for a suitably 
treated effluent to be discharged into the river (the 
difficulty attendant upon accomplishing this has been 
solved by the London Power Co. to the satisfaction of the 
authorities); and (2) those stations where no such ample 
supply of water is available. It by no means follows 
that a system designed for the latter condition is neces¬ 
sarily the best when the former condition obtains. 
The effluent and the non-effluent systems each have their 
merits, but it is essential that the fields of application 
should not be confused. The authors’ system may be 
capable of universal application, but it does not neces¬ 
sarily follow that it is universally desirable to make use 
of this system. 

As to the effluent discharge to rivers, the authors make 
much of the restrictions at present applied by the 
authorities and suggest that in the future these restric¬ 
tions will become prohibitions, thus forcing stations to 
use a non-effluent process. Again, in advancing the 
claims of their systerd the authors refer to the possibility 
of river pollution. I must, however, combat any 
suggestion that an effluent system must necessarily 
pollute a river, and in support of this claim I should 
like to quote the following extract from the Third 
White Paper. 

'' It will be remembered that the Port of London 
Authority laid down rules for the condition of the water 
passed back into the Thames after being used for cooling 
and for processes of sulphur elimination. These required 
that the quantity of suspended matter should not be 
increased in transit through the station, nor should the 
Thames water be rendered acid, nor contain more than 
14 grains in 100 gallons of de-oxygenating matter 
(including sulphite) more than it had originally. 

'' Through the courtesy of Sir David Owen, of the 
Port of London Authority, we are able to give the 


opinion of Dr. J. F. Beale, who surveys the river for that 
Authority. He expresses his appreciation of the expense 
and trouble given by the London Power Co. to solve this 
problem and states that there is no appreciable increase 
in the suspended matter, that the de-ox37'genating matter 
added is well within the statutory limit and that the 
water has not been rendered acid.” 

I should like to refer to Table 1, and supply the 
missing figure relating to the percentage of dust removed 
from the Battersea plant. The White Paper states: 
" Attempts to determine the solid matter in the washed 
chimney gases have so far failed to give any measurable 
quantity ”; presumably this means that the solid-matter 
content is nil. The figure of 90 per cent sulphur elimina¬ 
tion given in Table 1 for the Battersea station has been 
substantially improved upon; the average for the last 
completed year, when more than a quarter of a million 
tons of coal were burned and the alkali used averaged 
10 lb. of chalk per ton of coal, did not fall below 90 per 
cent. The best sulphur-elimination figures obtainable 
from the plant, and consistently maintained, have been 
of the order of 98-98-5 per cent. 

The description of the authors’ plant and of the results 
obtained contains a few statements with which I cannot 
altogether agree, such as (a) that this is the first time 
a really efficient scrubber has been employed on a gas¬ 
washing process; {b) that the non-effluent system gives 
a greater flexibility than any other t 5 q)e of wet washing 
plant; and (c) that all other wet washing plants require 
a constant water rate at all loads. This latter state¬ 
ment was quite disproved by the results at Battersea, 
where coal consumptions have averaged from 20 to 
70 tons per hour with a corresponding reduction in water 
and alkali quantities, both water and alkali being under 
complete control. So far as my experience goes, two 
of the main difficulties associated with the effective 
operation of a non-effluent process are {a) the difficulty 
of accurate control of the amount of reagent required, 
and (b) the serious possibilities of choking of the scrubber 
absorbing tower. The authors claim to have definitely 
overcome these difficulties, and so far as their pilot plant 
is concerned this claim seems to be abundantly sub¬ 
stantiated. As I have already pointed out, however, 
the experimental plant at Billingham is a small one 
utilizing only about J ton of coal per hour, and it is 
necessary to treat the evolution of a full-sized plant with' 
some reserve when its design has been based on such 
a relatively small plant. At the same time I am im¬ 
pressed by the authors’ ingenious conception of a delay 
tank for removing the supersaturated sulphites and 
sulphates outside the scrubber. The problem of liquor 
treatment as directed to the prevention of scaling is quite 
the most vital part of the process, and its successful 
solution by the method outlined in the paper must be 
regarded as a high achievement. The method, however, 
appears to set a definite limit to the flexibility of the 
process. What the authors term ” the back potential 
of the scrubbing surface” only exists as long as that 
surface is quite free from scale. Any temporary error 
of operation, or an uncontrollable increase of the mass 
rate of SO 2 passing to the scrubber, may well produce 
a slight deposit. The non-isomorphic nature of the 
scrubber surface will then be destroyed, and scahng will 
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proceed with normal rapidity. This point is evidently 
clearly recognized by the authors, and it emphasizes the 
necessity for close and constant supervision of the gas 
and liquor rates. This difficulty seems to be inherent 
in all slurry processes, and I feel convinced that the 
effective running of such a plant as the authors have 
described, with a limited amount of scientific control, is 
not such a simple matter as they suggest. Indeed, the 
necessity for avoiding mal-operation is stressed again 
and again in the paper. 

With regard to the choice of an alkali reagent, it is 
interesting to note that the recent prevailing drought 
so altered the constitution of Thames water that scale 
was formed on the Battersea scrubbers when lime was 
used as a final washing. The use of ground Kent chalk 
in place of lime not only solved this problem but brought 
about the removal of every trace of scale which had 
been deposited by the lime. Soda ash, as well as lime 
and chalk, were used on the first experimental plant 
and also on the full-scale plants at Grove Road and 
Battersea, and the decision has been arrived at that 
from every point of view ground Kent chalk is best. 
It is quite as reactive as lime in full-scale operation, and 
satisfactory elimination results have been obtained over 
a long period when using about 10 lb. of chalk per ton 
of coal, at a cost of 1 • Id. per ton of coal fired, with chalk 
at 20s. per ton. 

The various ratios and design figures given in Sec¬ 
tion (5) of the paper enable a reasonable comparison to 
be made between the authors’ typical 120 000-kW power 
station and the Battersea plant, which is of approxi¬ 
mately the same size. From this section of the paper 
I deduce that the area required in the authors’ process 
for the wooden scrubbers is practically identical with 
that provided for the wooden scrubbers in the chimney 
tower uptakes at Battersea. This is an interesting 
result, seeing that the problem was approached from 
somewhat different angles in the two cases. 

On the other hand, the liquor quantity required per 
minute for the authors’ process shows an enormous 
increase over the corresponding figure for Battersea, 
namely, in the ratio of 9:1: hence the necessity for 
very low pump heads in their case. From a perusal of 
some of the t5q)ical lay-outs shown towards the end of 
the paper I gather that this most desirable condition is 
not always capable of realization. An approximate 
calculation shows that, with the non-effluent process, 
the pumping power will be well over 50 per cent in 
excess of the Battersea figures, even after allowing for 
the greatly increased pumping head at Battersea. 

The authors gloss over and seriously minimize the cost 
of effluent disposal with their system. The effluent will 
consist of a wet mud which, if dried, will amount to 
approximately one-fifth of the weight of coal fired. 
The mud will contain at least 40 per cent of water, so 
that the total weight of mud will be nearly 30 per cent 
of the weight of coal burned. For a power station 
burning, say, 6 000 tons of coal per week, it appears 
that something like 2 000 tons of wet mud must be 
removed and dumped weekly ; this is the problem which 
the authors dismiss with the words (page 28) “ The 
mud rejected from the system is moist and easy to 
handle. No extra labour is therefore required for the 


disposal plant above that required for disposal of the ash 
collected in alternative systems normally supplied for 
the dedusting on pulverized-fuel plants.” Nor do the 
authors include, so far as I can see, in their estimates 
of the running costs, any allowance for the disposal of 
the wet mud. In the case of the Battersea system— 
again on a more or less comparable basis—the average 
weight of sludge produced does not exceed 60 tons per 
week, of which some 80 per cent represents Thames mud. 
The cost of removal (£15 per week) is entirely balanced 
by the sum received from the sale of ashes. From the 
known figures for Battersea, and from the estimated 
figures given in the paper, there seems little doubt that 
the cost of the non-effluent system will be higher than 
the cost of the Battersea system. 

The inclusive capital cost per kW installed at Batter¬ 
sea is £1-21, which is in very close agreement with the 
authors’ estimated figure for their unit system.. The 
comparison, however, is not a strictly accurate one 
because, in the figure for Battersea, the bulk of the 
building and civil engineering work appertaining to the 
flues, towers, and chimneys, is included; but so far as 
I can see this has no counterpart in the detailed capital 
estimates given by the authors in Table 5. It therefore 
seems reasonable to infer that on the basis of capital 
costs an effluent system will work out substantially 
cheaper than a non-effluent system. On the score of 
running costs there is no question which is the cheaper, 
because the figure for Battersea for the whole of the year 
1934 works out at 0 * 005d. per unit, which is substantially 
less than the figure given by the authors for their system. 
It appears, therefore, that the overall charge—^whether 
expressed in pence per unit generated or per ton of coal 
burned—must be appreciably less in the case of an 
effluent system than with the non-effluent system. 

The electricity supply industry has waited some time 
for, and is now entitled to receive, some authoritative 
pronouncement on the policy of installing flue-gas 
washing plants. Is there to be any uniformity of action 
in the future: are certain stations to be compelled to 
install such plants while others are allowed to do nothing ? 
If an authoritative pronouncement is made in favour of 
putting in these plants, there should also be a cor¬ 
responding pronouncement on the standard of elimination 
expected. It would be regrettable if the Government 
were to be advised that it is necessary to reduce the 
amount of sulphur in the effluent gases below, or even 
down to, a figure representing 90 per cent elimination. 
Such a figure constitutes a burden of a very substantial 
amount on any undertaking. 

Dr. H. A. Des Voeux: Ever since I first came to live 
in London I have been interested in the question of smoke 
in the atmosphere. The improvement in the London 
atmosphere which has taken place since those early 
days has been due almost entirely to the work done by 
the Coal Smoke Abatement Society, which I and a few 
others—^none of us scientific men—^helped to form in the 
year 1899. We only made about 13 converts in 3 years. 
Fortunately our propaganda is now spreading, and we 
now have the scientific world at our back. When we 
first discussed this question we gave no consideration to 
the presence of sulphur in smoke. When I asked my 
I friends in the scientific world about sulphur in coal. 
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most of them said '*1 did not know there was any.’' 
That was the scientific attitude 30 years ago. Sulphur 
in the atmosphere is now a commonplace. It is a great 
pleasure to me to feel that engineers are now tackling 
not only the domestic side of the question but also the 
more difficult problem of the smoke emitted by big power 
stations. As regards the domestic side, low-temperature 
semi-coke for the open grate is very nearly a satisfactory 
solution of the problem. 

I am interested in the use of chalk for the elimination 
of sulphur. I live in the New Forest, and have my 
own well. After I had lived there 2 or 3 years my hot- 
water pipes began to be blocked up with red scale, so 
much so that I had to put in copper pipes. I was told that 
this was due to the iron in the water, and I therefore had 
the -water analysed by several different chemists, who 
reported that it contained only a minute trace of iron. 
At last I found a chemist who said to me: “It is not 
the iron that is blocking your pipes; it is the carbonic 
acid in your water. ’' He made me an elaborate apparatus 
to get rid of this carbonic acid, but it would not work. 
Then Sir Alexander Houston, of the Metropolitan Water 
Board, said to me: “ I advise you to put a little chalk 
in your well after you have pumped it." I followed his 
advice, and in a fortnight’s time the scale in my hot- 
water pipes disappeared. 

Dr. R, Lessing: The amount of the sulphur emission 
over London in terms of sulphuric acid is 1 000 tons 
per day, and the bulk of this comes from domestic 
chimneys and small factory chimneys. The outcry 
which precipitated the adoption of sulphur-eliminating 
plants in power stations some 5 years ago was hardly 
justified; in fact, the work which has been done at 
Battersea, and the work which is foreshadowed in the 
present paper, indicates that the centralization of 
sulphur emission—so far from adding to the acid pollu¬ 
tion of the atmosphere—is in fact the means of dealing 
with it in the one and only practical and comprehensive 
way. I go so far as to say that the domestic chimney 
and the smaller factory chimney stand in the same 
relation to the large power-station chimney which is 
attached to an efficient sulphur-elimination process as 
does the cesspool to the well-run sewage works of to-day. 

The future will probably see greater centralization of 
that portion of our energy supply which is not amenable 
to treatment beforehand, so as to avoid its contamination 
of the atmosphere. In this connection, I cannot see 
eye to eye with the authors in their statement that the 
pretreatnient of the coal in regard to sulphur removal 
is not practicable. It is perfectly true that all the sulphur 
cannot be removed from the coal, but it is equally true 
that sulphur elimination is a linear function of the 
amount of . sulphur there is in the coal to be burnt, 
and therefore depends entirely on the total input of 
sulphur in the coal and not on the percentage of sulphur 
in any unit of coal. From that point of view a great 
deal of expense and trouble will be saved, and the plant 
itself will be reduced in dimensions and in operating 
costs, if everytiiing is done to procure as low a sulphur 
content in coal as possible. 

The authors have proved that, as far as the removal 
of the sulphur acids and the incidental minor acid con¬ 
stituents of the flue gases are concerned, the only process 


that can possibly come into consideration is a wet 
washing process. It so happens that a wet washing 
process which is effective in removing practically all, 
and certainly 98 per cent, of the sulphur-oxides content 
of the flue gases is ipso facto sufficient to deal with the 
whole of the grit and dust. That portion of the problem 
therefore takes care of itself, provided that the sulphur 
oxides are extracted. It is practically an accepted fact 
to-day that a wet process must be adopted for flue-gas 
cleaning, and this raises the vital question of the effluent 
which is produced by such a process. Dr. Pearce has 
already given us a very clear statement of the factors 
which govern the choice of the system. His company 
was in the happy position of being first in the field, 
and therefore had practically the whole river to draw 
upon. In 1930 I pointed out'^ that, taking the case of 
London and the River Thames, a power station of the 
magnitude of Battersea, burning when completed 
2 000 tons per day, would not find sufficient neutralizing 
agent (i.e. calcium carbonate) in the river at a time of 
severe drought such as we sufiered from in the summers 
of 1929 and 1934. If more than one power station of 
that size were erected it would be practically impossible 
to take the risk of depending on the water alone. When 
the question of flue-gas cleaning was first mooted it soon 
became obvious that water alone, without the addition 
of a neutralizing agent, was entirely out of the question. 
Under the rather stringent conditions imposed by the 
Port of London Authority it became difficult to decide 
between an open-cycle (or effluent) process and a non¬ 
effluent process. Dr. Pearce and his colleagues had the 
courage to decide on the open-cycle process, knowing 
full well the very severe conditions which they had to 
fulfil. When I was asked in 1930 to advise on a decision 
by the Fulham authorities as to whether they should 
adopt an open or a closed cycle, I considered discretion 
the better part of valour and decided on the closed-cycle 
process rather than risk infringing conditions imposed 
by the river authorities. The moment the non-effluent 
cycle was decided on it became evident that an alkaline 
process, or one employing a neutralizing agent, must be 
adopted; and the experimental plant built at Fulham 
demonstrated very quickly that little difficulty arose 
from the sulphur extraction. It was proved that 
efficiency figures of 96 or 98 per cent offered no diffi¬ 
culties, provided one could either rely on a sufficiently 
large plant or else provide that type of plant which gave 
within its capacity an adequate scrubbing surface. 

It had been practically decided to proceed on these 
lines when it became evident that continued re-circulation 
of a liquor charged with lime or chalk (I agree with Dr. 
Pearce in his preference for chalk) caused very serious 
scaling. During the early days of the working of that 
plant, within a space of 72 hours a deposit was obtained 
2-3 in. thick in places. It then became evident that 
this question of scaling had to be investigated more 
thoroughly. Although we had to deal with materials 
(e.g. calcium sulphate) the chemistry of which was 
supposed to have been known for generations, no 
knowledge was available at that time of the particular 
behaviour of these very simple substances under the 
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conditions which were applied to them. It was then 
found that the whole difficulty could be solved by keeping 
supersaturation within bounds, in the way described 
by the authors. This could be done once the conditions 
of saturation and de-supersaturation had been finally 
established; Fig. 9 shov/s only the beginning of the work. 
It was later found that by adding a sufficiently large 
quantity of solid calcium sulphate to the liquors (up to 
25 times the normal solubility of the salt) all the diffi¬ 
culties were solved. Under these'conditions it is possible 
to circulate in the liquor up to 20 per cent of solid matter 
wdthout any scaling whatever, and to compress an 
enormous surface into a relatively small total volume, 
knowing full well that the narrow passages which then 
exist will remain clear practically indefinitely. 

I do not agree with the authors that the recovery of 
by-products is not advisable. Allthoce who are engaged 
on sulphur extraction regard this process as a financial 
charge on the general working. Industrial development 
throughout the ages has shown that wherever there is 
such a charge, and wherever it is a case of a product 
being made as a waste product, some use for it will be 
found sooner or later. I fully agree with the authors 
that the mud which they describe as typical—a mixture 
of calcium sulphate, calcium sulphite, and flue dust, 
with its requisite quota of water—is not a marketable 
commodity. On the other hand, the fact that the super¬ 
saturation of the calcium-sulphate solutions can be 
satisfactorily dealt with has made it possible to reverse 
the original policy of trying to avoid the formation of 
this salt and make as much calcium sulphite as possible. 
The recognition that calcium sulphate is really no danger 
has made it possible to arrange for practically complete 
oxidation of the calcium sulphite, thereby making a 
uniform product, and one which certainly has, or should 
have, a fair market value. The addition of arrangements 
for providing complete oxidation does not add materially 
to the expense. On the other hand, it permits the 
running of a uniform waste product from the plant, 
with all the attendant advantages of having to look 
after only one kind of material instead of a number in 
varying ratios. 

Mr. W. M. Selvey : Wliat the authors have done is 
to work out successfully a process for cleaning very lai'ge 
quantities of very slightly contaminated gases. They 
have found a way of controlling when and where the 
saturation and precipitation shall occur. In the casual 
way in which many re-circulation processes are dealt 
with it has been very difficult to prevent the organs 
of re-circulation becoming at the same time the seats 
of crystallization. The factors with which the authors 
have had to deal are (a) the necessity for circulating 
large quantities of fluid, (5) time, and (c) the extent of the 
wetted area. Is their system really a non-efliuent 
process ? If we define an effluent as something which 
has to flow into a river, the authorsf arrangement may 
be called “ non-effluent.^V It recovers the sulphur in 
the form of a solid, but everything else which is soluble 
must still be discharged somewhere. The effluent 
consists of a clear solution of non-active soluble salts. 

I regret that the authors should have included smoke- 
abatement propaganda in their paper. ^ The electrical 
power industry has been responsible for a good deal of 


practical smoke-abatement by setting a standard of 
almost smokeless combustion, eliminating grit and dust 
from flue gases, and providing cheap power for water 
and space heating. I consider that it is very unjust to 
tack on to the electrical power industry all the pro¬ 
paganda which has gone on, principally and justly based 
on the open fire. By providing cheap generation, by 
making stations bigger, we have now brought the use of 
electricity into a very humble stratum of society. The 
authors suggest that raising the generating price of 
electricity by 7 or 8 per cent is not a matter of moment 
now. I am strongly opposed to such a comparison with 
the values conserved, suggested under the present cir¬ 
cumstances of widely unrestricted smoke emission. 

The authors showed a photograph of a smoky chimney; 

I take it that the smoke was produced by minimizing 
the flow of air through a pulverized-fuel furnace. I want 
to make a very important point in this connection. 
Such smoke as would be emitted from the Battersea 
station, were the flue-gas washing equipment not installed 
there, would be very difficult to detect. It would be of 
a faint grey, the discoloration of the gases being due 
entirely to solid particles. It is a curious fact that with 
power-station boilers, particularly pulverized-fuel boilers, 
if one deliberately makes smoke by cutting down the air 
supply, all the particles of coal which have been through 
the furnace are entirely coked. In the so-called black 
smoke which results I have not found the slightest 
trace of oil and tar. What smoke-abatement advocates 
most object to is really smoke containing oil and tar. 

I have made many experiments with various forms of 
washing apparatus, and I have never yet found a system 
capable of removing oily matter which water will not 
wet. This being so, whether propaganda about smoke- 
abatement has any marked relation to power stations 
is very much open to question. 

Lieut.-Col. K. Edgcumfoe: The authors show the 
value of a systematic study of the local distribution and 
concentration of sulphur and other impurities introduced 
into the atmosphere by the flue gases, but they also 
point out the difficulty and complexity of such measure¬ 
ments as at present made. I think, therefore, that a 
description of a very simple method which has been 
developed and tried out during the last 12 months by 
Mr. W. P. Digby may be of interest. The simplicity of 
the method is such that it would appear to be well worth 
further study. 

Briefly, it consists in exposing a polished metal test 
plate to the atmosphere for a given length of time and 
determining the corrosiveness of that atmosphere by 
measuring the amount of surface tarnishing which has 
taken place. The tarnishing is measured on a direct- 
reading photo-electric photometer,-the scale of which is 
graduated in percentages, as compared with a standard 
non-tarnished plate. An obvious advantage of the 
method lies in the fact that no sampling apparatuses 
required beyond a number of polished metal plates, so 
that a very large number of /' samples can be obtained 
at little expense. 

The most suitable metal for the test plates appears 
to be either silver or the eutectic mixture of copper and 
silver. The plates are some 4 in. square and are exposed 
without protection. 
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As showing the order of reduction in reflecting power 
which is to be expected, I may say that an exposure of 
24 hours in Westminster gave a 4 per cent reduction in 
August last, whilst the corresponding figure in October 
was 40-5 per cent, and in November as much as 47 per 
cent, the large increase being presumably due to the 
greater fuel consumption as well as the higher moisture 
content of the atmosphere in the autumn months. 

As an example of the consistency to be expected from 
the^ method, five plates exposed simultaneously for a 
period of 6 days in Stockton-on-Tees showed percentages 
of 72, 70*5, 70*5, 70*7, and 71 respectively. 

The method is ecjually applicable to measurements in 
the flue gases themselves, the exposure being much 
shortened. For example, an exposure of 75 minutes 
in the flue of a coke-burning stove showed a reduction 
of 42 per cent, which increased to 62|- per cent in a 
further 75 minutes. 

Mr. Charles Erith: Few engineers will share the 
enthusiasm of the authors for the heavy addition to 
working costs (equivalent to about 2s. 6d. per ton of coal 
burnt in power stations) required to arrest sulphur in 
flue gases by chemical treatment. 

As Table 1 shows, no chemical treatment is required 
for dust removal. Dust is almost completely eliminated 
in dry condition by electrostatic precipitators, or in wet 
condition by water washers, as used, for instance, on 
the ^ power plant of Imperial Chemical Industries at 
Billingham, such washers also give partial removal of 
sulphur. 

At present the onjy power station in the world 
eliminating sulphur from flue gases by chemical treatment 
is the Battersea plant of the London Power Co., which 
is equipped with nine large boilers. The extra capital 
outlay involved by the washing equipment was no less 
than £246 400; the additional working cost has not been 
disclosed, but the report by Dr. Pearce and others 
shows that in all essentials it was disclosed by their 
1929 patent (No. 334650). The latter comprises the 
features of lime plant for alkaline washing in scrub¬ 
bers, for ozonizing and the use of catal 3 rtic agents 
for settling and filtration, for grabs to remove the 
solid residues deposited, and for optional re-circulation 
of the washing liquid. Their No. 28 boiler at Grove Road 
has a unit chemical washer, 123 ft. high, with 34 800 sq.ft, 
effective area of scrubbers. It was tested with soda-ash 
as well as with chalk and with lime. Grit arrestors are 
used, prior to the alkaline washing. 

The Howden—I.C.I. system described in the present 
paper is also available in either the central or the unit 
type. Fig. 10 shows the experimental unit, which has 
one-twentieth of the capacity of one large boiler. It has 
recently been removed, after trials at Billingham, for 
use on cement-kiln gases elsewhere. Guarantees of 
96 per cent dust and sulphur removal have been made 
for power plants under erection at Swansea and Fulham; 
Fig. 14 shows a unit scheme of capacity similar to that 
of the eight boilers for the Fulham station. Since in 
Table 5 a cost of £165 900 is given for eight boilers each 
having four-fifths of the Fulham capacity, the latter 
plant may be assumed to cost £200 000; and as the 
authors give a working cost equivalent to from 2s. Id. 
to 2s. 4d. per ton of coal burnt (see page 32), plus the 


cost of removal of mud-residue from the filters, the 
penalty for placing a new power plant in the Central 
London area is evidently equal to at least 2s. 6d. per ton 
of coal burnt. At Swansea the coal cost is only 7s. per 
ton, as against 17s. for London. 

There is no return whatever to the user for this heavy 
addition to the working costs of power production; 
and plants on much less costly sites (e.g." Deptford and 
Barking) supply electricity to the London area without 
any such complication and cost. Existing power plants 
in the Central London area are at present free from this 
serious liability; but as it is possible to excavate a deep 
basement to accommodate the chemical plant, without 
any enlargement of the site area, as shown in Fig. 16, 
this obligation may be extended to them at any time. 
A comparison with Fig. 14 shows how much unnecessary 
extra area is added when the chemical plant is placed 
outside. When there is a power station working on 
the system described in this paper, it will be very 
interesting to compare its results with those already 
obtained at Battersea. 

At Battersea, a large volume of water is pumped for 
water-spraying, between the grit arrestors and the 
alkaline scrubbers, and this water flushes the filtered 
effluent to the river; but this is only a small addition 
to the water pumped to the condensers. Water-sprays 
are absent from the Howden-I.C.I. system. In both 
systems, however, the alkaline washing liquid can be 
re-circulated, and the mud-residue from the filters has 
to be dumped out at sea, or otherwise disposed of. 

Despite the heavy liability for costly chemical treat¬ 
ment of flue gases in urban areas, political reasons may 
decide municipalities like Fulham to generate electricity 
within their own boundaries. The adoption of sites 
free from obligation for chemical treatment of flue gases 
is, however, obviously desirable. In all modern power 
plants the greatest care is taken to secure the highest 
possible percentage boiler efficiency, representing a 
savmg of a few pence per ton of coal burnt; this is 
achieved, for instance, by air pre-heaters, which are thus 
an asset. The chemical treatment of flue gases, as 

described in the paper, on the other hand, is not an asset, 
but a heavy liability. 

Mr. A. L. Fielding [communicated ): The authors quite 
rightly qualify the efficiencies given in Table 1, and 
express doubt as to their accuracy. Anyone who has 
studied the question of measuring the efficiency of a 
dust arrestor will realize that the majority of the 
efficiencies in that table are probably not even an 
indication of the true state of affairs. It is more than 
possible that some of the values include soot-blowing 
periods, whilst others omit these. In order to emphasize 
the wide divergence of figures obtained on the same plant, 
would mention one which was guaranteed to have a 
dust-collecting efficiency of 88 per cent. It was believed 
that the figure being obtained was nearer 50 per cent, 
but from the ash balance averaged over all normal loads 

It was found that a value of only 35 per cent could 
be shown. 

The technique of testing must vary with the efficiency 
of a plant. Considering dust removal separately, it is 
clear that a plant which collects only about 50 per cent 
of the dust passing will require entirely different methods 
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of sampling from one which has an efficiency of 90 per 
cent or over. For the latter equipment, which I hope 
will in future be the rule rather than the exception, 
I commend to the notice of the authors a suggestion 
made by the late Prof. W. E. Gibbs, that a porcelain rod 
smeared with petroleum jelly (with a drip point well 
above that of the flue temperature) be used to explore 
the flue at a point after the arrestor. After a definite 
time the rod is withdrawn and the amount of adhering 
deposit ascertained. Prof. Gibbs stated that frequently 
after tests on his experimental plant he found that it 
was merely a question of degree of discoloration, the 
weight of the deposit being so small as to be almost 
immeasurable. 

For plants with efficiencies below 90 per cent it is 
agreed that the nature of the dust, as determined by the 
air elutriator, is as important as the quantity emitted. 
I suggest, therefore, that the true efficiency of a dust- 
arresting plant might be given as (Measured efficiency) 
X (Elutriator grade coefficient). The coefficient would 
necessarily have to be determined by experiment or 
evolved mathematically. 

In Section (5) the authors are rather too optimistic 
as to the accuracy of their deductions, based as they are 
on a plant of limited size. Local conditions will have 
a tremendous influence on many of the values. For 
example, not the least important is the microscopic 
structure of the ash; upon this will depend its degree 
of adhesiveness, and naturally the water quantity. 


This is one of the most uncertain factors of wet gas 
cleaning. 

Prof. Gibbs made a suggestion some time ago that 
oil might be used as the arresting medium. I should be 
interested to learn whether the authors have con¬ 
sidered this idea. No doubt there would be many 
difficulties to be overcome before it could be adopted, 
but there is always a possibility of using a suitable oil 
which would give the residue a marketable value. The 
mixture might easily form the base of a waterproofing 
filler or a road material. This, however, could only be 
determined after very careful consideration of all the 
factors. Should such a scheme ever become practicable, 
the present concern at high fluid consumption would 
certainly be eliminated. 

In regard to the authors* remarks on high chimneys, 
I should like to make reference to the behaviour of 
cement dust. During the discussion on a paper entitled 

Collecting the Dust from Chimneys of Powdered-Fuel 
Installations,*** read in the United States in 1928, a 
speaker referred to a high stack that had been erected 
for a cement-maldng plant with the idea of obviating 
dust complaints. After the stack had been put into 
operation a man who lived about 3 miles away began to 
call regularly with a can of dust swept from his porch; 
a laboratory analysis showed that 75 per cent of this 
was cement dust. 

[The authors’ reply to this discussion will be found 
on page 43.] 


North-Eastern Centre, at Newcastle, 28th January, 1935. 


Mr. W, S. Coates; The problem on which the authors 
have been occupied is to devise means of removing 
quantities of highly corrosive gases—sulphurous and 
sulphuric oxides—^present in small proportions in 
enormous quantities of flue gases, which contain at the 
same time appreciable quantities of solid suspended 
matter of widely varying particle,size. This is a problem 
which is bristling' with difficulties, particularly in the 
direction of devising plant for continuous operation, but 
the difficulties appear to have been overcome by the 
application of fundamental physical and chemical 
principles. 

One of the difficulties in work of this nature is the 
disposal of the material produced in the process. Sul¬ 
phurous acid and its salts, the sulphites, have a strong 
affinity for oxygen and this property precludes their 
disposal by discharging them into rivers which are 
controlled by Conservancy Boards, who are notoriously 
averse to reducing the oxygen content of river waters 
on account of the danger to the lives of river inhabitants 
and of the delay in self-purification. This difficulty has 
been overcome by the ingenious device of using the 
original fill of water in continuous cycles, after removing 
the major portion of solid matter produced during each 
cycle. These salts are not very soluble, but they easily 
yield supersaturated solutions, which are unstable. The 
addition of crystals of these salts to such solutions 
eventually reduces the concentrations of the dissolved 
salts to the more stable saturated condition. This fact, 
and the fact that calcium sulphite is less soluble in 
alkaline solutions than in acid solutions, led to the happy 


idea of designing the delay tank and of adding the lime 
to the circulating liquor immediately before the delay 
tank. The object of this part of the cycle is, presumably, 
to prevent the deposition of calcium salts from super¬ 
saturated solutions on to the surfaces over which they 
flow. I am not quite clear as to the necessity for this 
precaution. The majority of those salts which are 
soluble in water possess positive solubility coefficients, 
i.e. they are more soluble in hot water than in cold water. 
When, therefore, hot saturated solutions of such salts 
are passed over cold surfaces, the salt is deposited as a 
scale directly on the surface. Calcium carbonate is such 
a salt, and this fact partly explains why carbonate scales 
are deposited, for example, on the water feed lines to 
boilers. There are certain salts, including calcium 
sulphate and lime, whose solubility coefficients are 
negative, i.e. such salts are less soluble in hot water than 
in cold. If, therefore, a saturated solution of calcium 
sulphate is passed over a surface which is at a lower 
temperature than the solution, it would appear to be 
impossible for scale to be deposited. A supersaturated 
solution of calcium sulphate in contact with a cooler 
surface would be expected to deposit calcium sulphate 
as a suspension in the liquor rather than as a scale on 
the surface. If, on the other hand, a saturated solution 
of calcium sulphate is passed over a surface at a higher 
temperature than the solution, the calcium sulphate is 
deposited as a scale directly on the heated surface. 
This explains why calcium-sulphate scales are produced 

* H. Toensfeldt; Tfansactions of the American Society of Mechanical En^ 
ginesrs, 1927-28, vol. 49-60, ‘ ‘ Fuels and Steam Power,” p. 77. 
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on, for example, boiler beating surfaces. There appears 
to be no reason why the surfaces in the plant which are 
in contact with liquor saturated with calcium sulphate 
should be at a higher temperature than the liquor, and 
I should be obliged if the authors would enlighten me on 
this point. The use of delay tanks is not a new idea; 
they have been used for many years in water-softening 
plants. I should like to ask the authors whether* they 
have experienced trouble due to choking of the ring 
main conveying the lime slurry. This trouble would 
appear to be easily possible. 

A most interesting feature of the authors’ work is the 
development of the pH meter. The pH value of a 
solution was at one time purely a mathematical concep¬ 
tion. The hydrogen-ion concentration meter, to give 
it its full name, has now been used for several years as 
a laboratory instrument, and the authors are to be 
congratulated on developing a commercial instrument. 
A tremendous amount depends on this instrument, and 
I imagine that it will require a good deal of attention. 
Have the authors experienced trouble due to settlement 
of solid matter in this instrument ? 

The successful operation of the plant appears to 
require careful control, to within fairly narrow limits, 
of both the lime addition and the solids extraction, and 
I imagine that there will be many plant executives who 
will not view the continuous operation of the plant, 
in a trouble-free manner, with the same equanimity as 
the authors. Both the capital costs and the total running 
costs of a plant of this nature are high, and unfortunately, 
according to the authors, there can be no financial 
return to an industry maldng use of it. The only product 
obtained from the plant is the solid matter discharged 
by the filters. This consists of 60 per cent flue dust and 
grit, 20 per cent calcium sulphite, and 20 per cent calcium 
sulphate. Would it not be possible to utilize this 
material in the manufacture of sulphuric acid, or cement, 
or plaster ? Bearing in mind that the main object of 
this plant is to benefit the community at large, it seems 
only reasonable to suggest that the community should 
pay the bill. 

The plant is only capable of removing up to 70 per cent 
of the nitrogen oxides, and a lower proportion of dust is 
removed from gases w^hich have previously passed through 
a wet dedusting plant than from gases which are passed 
directly into the plant. It would be interesting to learn 
the reasons for these discrepancies, and also what changes 
will be required in the plant in order to remove all the 
acid and suspended matter. 

Finally, is it really desirable to remove the sulphur 
dioxide from the gases discharged into the atmosphere ? 
There would appear to be no doubt that the removal of 
suspended solids from factory chimney gases and the 
prevention of tar and smoke emission from domestic 
chimneys is highly desirable in the interests of public 
health. Sulphur dioxide, however, is an extremely 
powerful germicide. We are all aware of the use of this 
gas in fumigating a room which has been occupied by 
a patient suffering from contagious or infectious disease. 
The Food and Drugs Act permits the use of limited 
quantities of sulphur dioxide in certain fdods and 
preserves. It occurs to me that it would be more in the 
interests of public health to increase the sulphur dioxide 


in the atmosphere in order to combat the epidemics of 
air-borne diseases in densely populated areas, rather than 
to adopt costly methods of removing it, I am, of course, 
aware of the damage which sulphuric acid can do to 
certain building materials; COg can also do a good deal 
of damage, but no one has suggested that we ought to 
remove this gas from the atmosphere, and no one has 
yet devised a satisfactory means of overcoming the 
ravages of frost. 

Mr. W. Innes: The process suggested by the authors, 
and the method by which it has been developed, 
emphasize the fact that steam-raising is essentially a 
chemical process which has long been left entirely in the 
hands of engineers. It shows that the more intimate 
the contact between pure chemistry and engineering the 
more effective will be the means available for the develop¬ 
ment of this important operation. 

The essential simplicity of the authors’ process recom¬ 
mends it to us. In water-softening, dekiyed precipita¬ 
tion of soluble material by the formation of a super¬ 
saturated solution is a real difficulty; here, this very 
delay is used as a means of getting precipitable material 
out of the scrubbers to a place where it may be pre¬ 
cipitated without interfering with the fiue-gas fiow. 

It is unfortunate that when sulphur dioxide (SOg) 
dissolves in water to form sulphurous acid (HgSOg), tlie 
solution has a considerable vapour pressure of sulphur 
dioxide. Thus it is not possible to remove SOg by means 
of water alone. It must be fixed with an alkali. In 
this case the alkali used is really the soluble calcium 
bicarbonate formed from lime by excess of CO^, pre¬ 
sumably through the carbonate, thus:— 

HgCOg 

—^Ca(HC 03)2 
Carbonic Soluble 

acid calcium 

bicarbonate 

This material forms calcium sulphite, which is in part 
oxidized to calcium sulphate by atmospheric oxygen:— 

HgSOg 

Ca(HC03)2--> CaSOg -|- 2H,0 + 200, 

Sulphite 

(insoluble) 

CaSOg + atmospheric oxygen-^ CaSO^ 

sulphate 

(insoluble)* 

* Both readily form slightly supersaturated solution. 

It is much easier to oxidize the sulphite to the sulphate 
than to oxidize SOj to SOg, but both are retained in 
solution by supersaturation, until the liquid has left the 
scrubbers, or, at least, the conditions are such that 
deposition does not take place as an adhering scale in 
the packing material. 

T ^ process, run with excess of lime, would be 

liable to give a deposit of calcium carbonate, besides 
eing wasteful; whilst with too little lime the acids in 
^ le flue gas would not be entirely captured. Hence, it 
IS essential that the lime additions should be rapidly 
regulated to the acid load, and the potentiometric method 


COg 

CaO -CaCOg 

Lime Insoluble 

calcium 

carbonate 
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of estimating the pH value of the circulating liquor is 
thus not only interesting but of fundamental importance 
in the running of the plant. Under correct running con¬ 
ditions all the lime is removed as insoluble material; 
and, provided these solids are precipitated outside the 
scrubbers, or at least never upon the surfaces of its 
elements, and furthermore are removed from the 
circulating sludge at an appropriate rate, then a very 
promising and interesting non-effluent system seems 
possible. 

As the plant must be constructed of very special 
materials, and the use of dissimilar metals avoided, it 
would appear that the first cost would be high, and 
owing to the abrasive nature of the circulating medium 
the plant would have high maintenance costs. 

In conclusion, I should like to ask the following 
questions. (1) What kind of wood is used in scrubbers ? 
Does it show any tendency, through mineralization or 
other alteration of surface in service, to promote pre¬ 
cipitation as scale on its surface ? (2) The use of 

sodium carbonate for de-scaling is interesting. How does 
it work ? (3) Do the different types of dusts obtained 

from different kinds of coal differ in the promotion of 
crystallization on their surfaces? (4) Is the system of 
automatic lime-addition satisfactory? (5) Is there any 
corrosion by wet gases after they have left the scrubber ? 
(6) Why is the recovery of saleable by-products not 
encouraged ? (7) If seepage from sludge penetrates into 

the ground, will lead-sheathed cables and ferro-concrete 
piles be attacked ? 

Mr. A. Howell; I have had the pleasure of seeing, 
under the guidance of one of the authors, the pilot plant 
at Billingham in operation.^ The thing that amazed me 
most about the plant was the concentration of solids in 
the re-circulating liquor, and I wondered how it was 
possible with such concentrations to take any further 
solids out of the gas or to prevent blockage in the pipes. 
That this was being done was fully demonstrated by the 
state of emission from the chimney; also the removal of 
SOg was demonstrated by the ability to sniff a sample of 
the gas up one's nostrils without feeling any ill effects. 

With regard to the authors' remarks as to the ability 
to do without the solids separation plant, it would appear 
desirable from consideration of ‘this aspect alone to 
locate future power stations erected in conjunction with 
the national transmission grid so that sufficient cheap 
land for reclamation purposes can be secured to allow 
of the purge being discharged to waste during the life 
of the power station, and so save the cost of solids separa- 

North Midland Centre, at 

Mr. P. G. Hieatt : It appears to me that the installa¬ 
tion of the smoke and acid removal plants at Battersea 
and Fulham is the thin edge of the wedge, and doubtless 
in the near future it will be compulsory to install similar 
plant at the smaller power stations. The figures given 
in the paper only concern stations of the size of Battersea, 
and I should like to know whether the capital and 
running costs in the case of the small stations are likely 
to be larger in proportion. 

Mr. W. Bundas : It appears somewhat unfair that 
electric power stations should have been singled out for 


tion plant and the attendant handling and disposal of 
solids. At present this part of the problem of flue-gas 
washing is not nearly so easy of solution as the authors 
suggest by dumping at sea, more especially in the case 
of an inland power station. The question of handling 
and disposal of the wet solids has quite a serious aspect. 

If there were sufficient land for dumping purposes for 
a period of years I imagine that there would still be 
installed cyclone extractors or electro-filters of 80 to 
90 per cent efficiency, so as to collect the dust in dry form 
and handle this to the dumping ground by means of an 
efficient hydraulic sluicing system similar to that in use 
in many power stations, leaving a clean gas to be dealt 
with by a scrubber. This would save a considerable 
amount of plant for solid separation, and would most 
probably result in saving in space. 

Whilst admitting that the installation of cyclones or 
the like in addition to gas-washing plant would be more 
expensive, I imagine that the washing of cleaned gas 
by the process described would be just as easily accom¬ 
plished as would the washing of an uncleaned gas, in 
which case the plant would be cheaper to operate as, 
owing to the solids being easily handled in the dry 
collected form, the wet-solids handling plant such as 
centrifuges and rotary vacuum filters, etc., would be 
eliminated. , 

The handling of wet solids is of importance, bearing in 
mind that from a 300 000-kW power station operating 
at 60 per cent load factor there would be between 80 and 
100 tons of wet solids to handle per day in the case of 
a stoker-fired boiler plant," and approaching 150 tons 
per day where pulverized-fuel-fired boilers were installed. 
The area of land required for reclamation purposes, on 
which to dump the solids discharged from the flue-gas 
washing plant during the useful life of a 300 000-kW 
station, would be approximately from 50 to 60 acres. 

I do not agree that the design shown in Fig. 16 is an 
economical proposition, as suggested by the authors, 
especially when regarded as a complete boiler house. 
It is not economical to contemplate installing stokers 
50 ft. above ground, level, bearing in mind the great 
weight of the boilers and coal-storage bunkers, also the 
handling of coal by conveyors to such great heights. 
The design shown in Fig. 14 would prove more economical, 
seeing that the washing plant is placed on the roof above 
the boilers, the heavier loads being nearer ground level. 

[The authors' reply to this discussion will be found on 
page 43.] 

Leeds, 19th February, 1935. 

attack in the campaign against atmospheric pollution, 
when in reality they should receive credit for improving 
the condition of the atmosphere by encouraging the 
development and use of electricity in the home, thus 
cutting down the domestic coal consumption, which is 
chiefly responsible for the dirt-laden atmosphere in 
populated areas; a condition accepted by many as the 
sacrifice to be made for comfort and convenience. 

The effect produced by the various sources of con¬ 
tamination shown in Fig. 1 is very striking, and illus¬ 
trates the concentration produced by a large power 
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station. The authors admit not having any definite 
information on the extent to which industry affects 
the problem, so that the curve relating thereto in Fig. 1 
is hypothetical and obviously will vary considerably in 
different localities, as also will the relative sequence of 
the three curves. This will naturallv have some bearinsf 
on the necessity for gas washing. Extraordinarily high 
efficiencies have been obtained with existing installa¬ 
tions, and it appears questionable whether it is necessary 
to go to such extremes, as one would expect a more 
reasonable tolerance to be allowed, especially on the 
score of expense. I should like the authors’ opinion as 
to what they consider a reasonable SOg content at 
ground level. 

With the tendency to improve combustion conditions 
in factories, it is possible that large industrial concerns 
may be faced with a similar problem in the future, and 
I am inclined to think that they would fight shy of 
incurring the added expenditure involved in flue-gas 
washing and would adopt the more expedient alternative 
of installing internal-combustion engines, which already 
are a formidable competitor to the electricity supply 
industry. 

The authors do not approve increasing the height 
of chimneys, which of course can only assist in diffusion ; 
but, judging by the present trend of events, that practice 
is acceptable in a large number of cases and is attractive 
where limitation of space prohibits the installation of 
gas-washing apparatus. 

Reference is made in the paper to experience with 
coals of low sulphur content only, and it is not surprising 
to find that troubles have occurred on account of deposits. 
Experience elsewhere has proved that certain coals are 
particularly difficult to deal with in that respect, and 
I should like to have the, authors’ comments on that 
point. It would appear that by-pass flues are desirable 
for banked periods, and should be allowed by the 
authorities. I think the ailthors should have taken into 
account the costs involved in the disposal of solid matter, 
as that item is likely to prove expensive. The figure of 
Is. 6d. per ton is by no means an extravagant one, and 
the summary of the total annual costs given in Table 7 
should be debited with an additional sum of £5 000- 
£6 000 on that account. 

It seems only reasonable to expect that if the electricity 
supply industry is given the added responsibility of 
improving atmospheric conditions, some consideration 
should be given in return by the rating authorities 
commensurate with the effect on the demand made by 
the public health department, which is usually a high 
percentage of the rates. 

IVtr. C. H. Sparks i My observations suggest that 
there is something unexplained and inconsistent in the 
extent of pollution by sulphur fumes in various localities. 
This inconsistency appears to be due to topography 
and climatic conditions, and also to the temperature at 
which flue gases are discharged to atmosphere. As an 
instance of this it may be noted that at Barton, 10 years 
ago, coal of comparatively Tow sulphur content was 
burned and yet the conditions of atmospheric pollution 
resulted in those legal proceedings which have given 
such impetus to the business of building high chimney 
stacks and the development of equipment for dust and 


sulphur elimination. It is well known that the tempera¬ 
ture of the gases discharged to atmosphere at this station 
was extremely low, judged by the standards of that day. 
In Russia two plants may be mentioned, in the first 
of which 4 500 tons of lignite are burned per day. The 
fuel contains not less than 4 per cent of sulphur and 
30 per cent of ash; at the second, over 1 000 tons of 
coal—containing 5-8 per cent sulphur and 20 per cent 
ash—are burned. The stacks are 230 ft. high and the 
leaving gas temperatures exceed 400° F. In each case 
no personal inconvenience has been suffered due to the 
presence of sulphur gas; in fact, from this point of view 
the surrounding localities may be looked upon as health 
resorts. 

In Washington, a city of beautiful parks, gardens, and 
buildings, the new power and heat stations have no 
stacks, but make use of electrostatic catchers for the 
removal of dust. It seems probable that in this case 
care may be exercised in the choice of coal, and that 
only those coals having a low sulphur content are 
accepted for burning in the city area; if such is the case 
we might well follow this example. 

Mr. G. B. Melton: The authors tell us that if a power 
station be erected within 6 or 8 miles of a town it is 
probable that a nuisance will be caused, and that this 
probability becomes almost a certainty if the station is 
equipped with pulverized-fuel firing. This conclusion is 
drawn from data which are inconsistent, and is supported 
by calculations of rates of dissipation which can be invali¬ 
dated by the vagaries of the wind. From the data set 
out in the paper I note that the atmospheric conditions 
at Rievaulx Abbey are similar to those at Watford, 
some 15 miles outside London; this is difficult to believe. 

Whilst the authors’ conclusions may be true in certain 
circumstances they are manifestly incorrect in others. 
Do they seriously suggest that the atmosphere of Sheffield 
would be materially improved if the power stations in 
that city were removed to the Isle of Man ? On the 
other hand, one can agree that the erection of a large 
station within a short distance of Beverley or Harrogate 
would quite easily give rise to complaint. 

I suggest that the economical solution of the difficulty 
is to build the large stations well clear of the towns, 
and would remind the authors that this course is quite 
often advantageous from considerations entirely divorced 
from the question of chimney emissions. As an argument 
against this the authors quote the costs of transmission 
in the London area, but I would point out that these costs 
are quite exceptional. Stations built in the towns should 
be such as are required to supply the heat requirements 
of the houses and factories; the output of electrical 
energy being regarded as a by-product and regulated in 
accordance with the demands for heat, the large remote 
stations acting as balancers and supplying the greater 
portion of the electrical energy. 

This system would remove the dangerous point 
discharge,” and as it would also obviate the general 
combustion of coal it should be fairly effective in clearing 
the atmosphere. Such systems are, as is well known, 
in use in America, Germany, and Russia, and it cannot 
be claimed that a similar system is impracticable in 
this country. 

I think it will be very difficult to convince a Yorkshire 
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millowner or mineowner that he should pay more for his 
power in order that the life of the local town hall may 
be extended. I fear that the authors have overlooked 
the hard facts that unless the prospective consumer can 
be shown how his personal costs will be reduced by the 
purchase of power he will continue to produce his own, 
and collectively in so doing contaminate the atmosphere 
to a much greater extent than do even the present power 
stations. Probably because his emissions are spread 
over a wide area the result is less obnoxious than the 
effect of a carefully controlled power station. 

The cost of the proposed treatment is, we are asked to 
believe, negligible; in actual fact, the capital charges 
amount to 10 per cent of the whole cost of a station 
and the running costs to 11 per cent of the actual running 
costs of a typical plant. These figures are based upon 
the estimates contained in the paper and are additional 
overhead costs for which the undertaker receives no 
return. They are actually very substantial increases, 
and corresponding reductions would be - considered to 


warrant considerable effort and expenditure of money. 
I cannot accept the statement that these costs would be 
simply handed on to the consumer; the power user will 
not become a consumer unless it pays him to do so. 
It must be borne in mind that the estimated costs are 
based upon the operation of a very small experimental 
unit which is situated in a position where the very best 
chemical skill is available for its control. I doubt 
whether such favourable results would be obtained—at 
least for some time—from a large installation operated 
as part of the equipment of a power station and subject 
to the exigencies of every-day usage. 

If the object of the paper is to improve the general 
condition of the atmosphere of the country I consider 
that it is not really helpful. In my opinion this object 
will best be achieved by reducing the cost of electricity 
until it is universally used, so that all coal is burnt under 
proper conditions. Those present who recall the con¬ 
ditions in this area during the 1926 coal strike will, 
I think, be in agreement with this view. 


The Authors Reply to the Discussions at London, Newcastle, and Leeds. 


Messrs. J. L. Pearson, G. Nonhebel, and P. H. N. 
Ulander {in reply) : The matters and questions raised 
in the discussion can be most conveniently treated in 
sections as follows:— 

I. SO 2 pollution and general. 

II. Comparison with the Battersea system. 

III. Technical details of the Howden-I.C.I. system. 

IV. Disposal of mud. 

V. Economics. 

(I). SOg Pollution and General.* 

(A) Historical. 

The Barton case was incidental in the history of 
government and public interest; it did not originate such 
interest. Thus:— 

{a) In 1905, at the Coal Smoke Abatement Conference, 
Dr. Rideal calculated that London was then passing 
annually into the air between one-half and one million 
tons of acid; • 

{b) In 1908, Cohen and Ruston were carrying out at 
Leeds some of the work described in their book Smoke 
(second edition published 1925); 

(c) In 1918, there appeared the first of the annual 
reports of the D.S.I.R. on atmospheric pollution; 

{d) In 1924, and again in 1926, Sir Frank Baines (then 
Director of H.M. Office of Works) investigated com¬ 
plaints at Regent’s Park, and in the latter year submitted 
officially a proposal that power stations should be 
definitely required to wash sulphur out of flue gases; 

(e) In 1926, a precis of the main report by Sir Frank 
Baines on the fabric of the Houses of Parliament was 
presented to Parliament; 

(/) In 1927, the first third of the Battersea power 
station was sanctioned on condition that sulphur 
removal was incorporated. 

(Note:—The Barton case was first ‘'tried’’ in July 
1928.) 

Mdton, MlVafd Sp"S!’ and Messrs. Coates, Cundas. 


(B) The Origin of the Interest in SOg Emission. 

Government and public interest in SOg emission has 
grown with the increase in coal consumptions of indivi¬ 
dual power stations and with the raising of the general 
level of social service and welfare, both of which have 
been considerable since the war. The interest is natural 
and, in the circumstances, inevitable. There are to-day 
a number of power stations in Great Britain, each 
putting into the atmosphere daily more acid than the 
daily make of the average of the larger British sulphuric 
acid works. 

In atmospheric pollution the most important aspect 
is the mass rate of emission of the pollution from a single 
source, and, for this purpose, all the chimneys of a power 
station must be regarded as constituting a single source 
of emission. The effects arising from the burning of, 
say, 2 000 tons of coal per day by a large number of small 
sources of emission spread over a relatively large area, 
however objectionable they may be, are practically 
negligible compared with those arising from the con¬ 
sumption of coal at a similar total rate at one source. 

There are no authoritative data defining precisely the 
dividing line between harmful and harmless concen¬ 
trations of SOg at ground-level. As some sort of a rough 
guide it can be accepted that a concentration of 1 part per 
million by volume over long periods is both unpleasant 
and harmful. Ground concentrations under normal 
weather conditions, however, constitute but one of the 
six phases of the " effect mechanism ” of SOg pollution. 

SOg may or may not be an excellent germicide if it 
were to remain as SOg in very low and controlled con¬ 
centrations in the atmosphere. Actually it is rapidly 
oxidized by atmospheric oxygen in sunlight or after 
being dissolved in water. The oxidized solution is 
sulphuric acid and this attacks the respiratory organs, 
affects the heart, and damages buildings. 

{C) Extraction Efficiencies. 

With the superimposition of large emission from single 
sources upon the normal widely-spread domestic and 
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industrial emission in urban areas, very high extraction 
efficiencies are to be demanded justifiably for the large 
sources of emission as explained in Section I of the paper. 
Moreover, the greater the coal consumption of the 
individual source (other matters being equal) the higher 
must be the efficiency of extraction required. A source 
burning 2 000 tons of coal'.per day should have a higher 
efficiency of extraction than one burning 1 000 tons of 
coal per day; thus 98 per cent extraction for the dust 
and sulphur of the former will give the same mass rate 
of emission of pollution as 96 per cent extraction for the 
latter. 

In deciding upon the efficiency of extraction, apart from 
the rate at which coal is burnt, there is logically only one 
other matter to be considered, viz. the wealth in buildings 
and human beings congregated in the field of attack of any 
particular source of emission. The greater such wealth in 
this field the higher should be the efficiency of extraction. 

For large urban areas the logical basis for extraction 
efficiency should be that required in any particular case 
to give an authorized amount of pollution, il/ie real 
standard being a permitted mass rate of emission for a 
single source, as laid down by public authority for the 
urban area concerned. It should be noted that 95 per 
cent extraction will allow 5 times the mass rate of pol¬ 
lution of 99 per cent extraction with the same rate of 
coal firing, and that 95 per cent extraction will allow a 
mass rate of pollution equal to that of 99 per cent 
extraction from 5 times the rate of coal burning. 

(D) Measurement of Acid {SO^ Atmospheric Polhition. 

The suggestion of using polished metal plates is an 
interesting one, but it would appear that the relative 
humidity of the air at the time of the test would very 
considerably affiect the results so obtained. We favour 
the lead-peroxide candle method developed by the 
Building Research Station (see their Annual Reports for 
1931 and 1932) and suggest that Lt.-Col. Edgcumbe 
try the two methods out, side by side, over an extended 
period of time. 

The figures given for SOg pollution at Rievaulx and 
at Garston (Watford) have been misinterpreted. In 
both places the free SO^ at ground-level is of the same 
order, but the amount of SO 3 deposited with the rainfall 
at Garston is extremely high and approximately equal 
to that at Westminster, illustrating the drift of SOg over 
London. At Rievaulx Abbey the stonework is now 
showing serious sulphate attack due to drift of SO^ from 
the West Riding industrial district. The effects at both 
places are consistent with the distribution of atmospheric 
pollution as dealt with in the paper. 

The details of the Russian plants, as mentioned in the 
discussion, cannot be interpreted or explained without 
further information concerning atmospheric and ground 
conditions in the locality referred to, and concerning 
the composition of the flue gases, etc. 

(II). Comparison with the Battersea System. 

[Mj Comparison in Size of Scrubbers, 

It is true that the cross-sectional area of, and the area 
of absorbing surface in, the grid-packed scrubber are 

; * In reply to Dr. Pearce and Mr. Erith. 


about equal to those pertaining to the uptake tower at 
Battersea. Since, however, the Battersea system in¬ 
cludes a ''downcomer” of dimensions nearly equal to 
those of the uptake tower, a horizontal flue of generous 
proportions, in which some scrubbing occurs, and grit 
arrestors, the real comparison in size between the two 
scrubbers, as described, is better represented by stating 
that the grid-packed scrubber 

(a) Effects in some 20 ft. of height and with a 3 ft. 6 in. 
depth of packing what Battersea does in a " height 
equivalent ” of about 350 ft. 

(b) Could be located and with space to spare in the 
horizontal flue at Battersea. The grit arrestors would 
then be rendered unnecessary, their removal providing 
far more than ample space for flues to lead away the 
gases from the grid scrubbers. 

(c) Is actually in volume about 1/10th of the volume 
used at Battersea. 

(B) Comparison of the Basic Methods of Scrubbmg. 

The above comparison in size is between the liowden- 
I.C.I. plant as operated as a non-effluent system and the 
Battersea plant as actually installed. Both plants 
depend upon the addition of an approximately equal 
amount of alkali to fix and remove the SOg and SO 3 from 
the flue gases. In the Howden-I.C.I. .system., as a non¬ 
effluent system, practically all the alkali required is added 
to the scrubber as purchased lime or chalk. It was 
clearly intimated in the paper, however (Section III H), 
that the system could be modified to take advantage of 
any favourable conditions—as regards effluent and, there¬ 
fore, as regards the use of unpurchased alkali—which 
might pertain to any fortunately situated power station. 
This can be done even to the extent of using no purchased 
alkali at all. 

In the Battersea installation, of the total alkali 
required there is added:— 

(i) 20 per cent or less as purchased CaO, put in at the 
top of the tower uptake; 

(ii) 80 per cent or more as CaO obtained without pay¬ 
ment, i.e. obtained gratuitously in the form of calcium 
bicarbonate alkalinity from the River Thames—for 
80 per cent or more of the absorbed SO^ and SO 3 is 
neutralized by adding the scrubber-acid-efiiuent to the 
return condenser water. 

At Battersea, the burning of 1 000 tons per day of coal 
containing 1 per cent sulphur destroys, by neutralization 
of the scrubber effluent, the total alkalinity of 25 x 10 ® 
gallons per day of Thames water, the average alkalinity 
of which is approximately 20 parts CaCOg per 100 000. 

Battersea at present not only obtains most of its 
alkali without payment, but also obtains free transport 
for the salts resulting from the absorption and fixation 
of the SO 2 and SO 3 of the flue gases, these salts being 
carried away to the sea, as calcium sulphate in solution, 
by the River Thames. 

As stated above, the Howden-I.C.I. non-effluent 
system can be changed to an effluent system in order to 
take the fullest possible advantage of any favourable 
circumstances, appertaining to "free” alkali and free 
transport for calcium salts, such as exist at Battersea* 
The importance of the non-effluent system was stressed 
in the paper because there appears td be little likelihood 


of the further extension of effluent systems being per¬ 
mitted on the Thames or similar rivers. This view is 
strongly supported in the recent White Paper on the 
gas-washing plant for the new Fulham power station 
(see Cmd. 4885—1935). 

(C) The Practical Restrictions on the Further Use of 
Effluent Systems. 

The Metropolitan Water Board is not allowed normally 
to reduce the flow of fresh water over Teddington Weir 
to below 170 X 10® gallons per day, but from July to 
December, 1934, sanction was obtained for a reduction 
of flow down to 50 X 10® gallons per day, an amount 
capable of providing sufficient alkali for Battersea to burn 
2 000 tons per day of coal containing 1 per cent sulphur. 

Thus the Thames, in a dry summer, can provide 
sufficient free ” alkali for the Battersea station only. 
In a normal summer it could provide as free alkali only 
a small fraction of the total alkali requirements for the 
London power stations. This clearly raises such piquant 
questions as: Is there to be a free scramble for such 
small amount of gratuitous alkali as there is going in the 
river, the power station higher up the river always 
winning ? ** or ‘Ms the concession to Battersea to be denied 
to other stations and in particular to municipal power 
stations?*' 

A short time ago we putdorward for a certain London 
power station a proposal for an effluent system, which 
would meet requirements laid down by the Port of 
London Authority, which would not take so much 
alkali from the river as Battersea, and which would not 
entail so much sulphate being carried away by the river. 
That proposal was not accepted. The fact still remains, 
however, that the Howden-I.C.I. system, as an effluent 
system, is available for any power station situated higher 
up the river than Battersea. 

Even if the Thames authorities had sufficient alkali to 
give away free—in order to permit a wide extension of 
effluent scrubbing—there would be grave objections, 
especially on behalf of down-river users, against turning 
the water of the Thames into a saturated stream of 
calcium sulphate in solution. Moreover, the amount 
of calcium sulphate that can be carried in saturated 
solution by the river is limited, and this would in any case 
provide a restriction on the wide adoption of effluent 
scrubbing. 

(D) Comparison of Costs {Capital and Annual Costs). 

A strict comparison in costs would mean re-estimating 
the Howden-I.C.I. system on the basis of 

(a) an equal amount of free alkali; 1 as in the 

(5) an equal amount of free transport for ^ Battersea 
the calcium sulphate J system, 

for the Howden-I.C.I. system is capable of modification 
from 100 per cent free alkali to 100 per cent purchased 
alkali, i.e. from a straight-through cycle to a completely 
closed cycle. 

There are, as explained in the paper, three main 
sections of plant:— 

(i) The scrubbing section (this constitutes the main 
part of the plant in any system). 


(ii) The lime-mixing section (the size of which depends 
upon the ratio of purchased to free lime), 

(iii) The solids-separation and mud-disposal section 
(which depends upon the extent to which free transport 
by the river is available for the calcium salts). 

As far as a comparison on an equivalent basis with the 
Battersea installation is concerned, in capital costs:— 

(a) The Howden-I.C.I. plant will always be the cheaper, 
owing to its relatively small size. 

(b) There can be little difference in the lime-mixing 
and solids-separation sections, since these may be 
regarded as using more or less standard or well-known 
types of apparatus. 

Similarly, as far as a comparison of the total annual 
charges is concerned:— 

(a) The Howden-I.C.I. plant will have the advantage 
in charges arising from a percentage on capital. 

(&) There can be little difference in lime costs and mis¬ 
cellaneous operating charges (the overall power costs for 
pumps and fans in the non-effluent system are the same 
as those for Battersea). Referring to Table 7 of the 
paper, the running charges for the Howden-I.C.I. non¬ 
effluent central system, with 1 • 5 per cent sulphur coal, 
are 

(a) 0* 0053d. per kWh for lime, and 

(b) 0*0034d. per kWh for power, labour, and main¬ 
tenance. 

If 85 per cent of the lime were supplied free of 
charge, as at Battersea, the running charges would be 
0*0042d. per kWh, i.e. lower than the running cost of 
0* 005d. per kWh quoted for the Battersea central system 
with 1 per cent sulphur coal. 

i 

(E) Capital Costs as Given, in the Paper. 

In Table 5 the figures given cover foundations, 
structural steelwork, and such flues as are additional to 
those required if no flue-gas cleaning plant were installed. 
The figures, however, do not refer to any particular power 
station. Local conditions will naturally have an appre¬ 
ciable influence on the lay-out and hence on the capital 
cost of any specific installation. 

Running costs will be similarly affected by local con¬ 
ditions, e.g. by the sulphur content of the coal burnt and 
by the price of alkali. 

(III). Technical Details of the Howden-I.C.I. 

System 

(A) The Size of the Pilot Plant. 

The stepping-up in the scale of operations from a pilot 
plant to a commercial plant is a common crMcism^ of all 
new processes and systems. Some teething difficulties are 
usually encountered in the first commercial venture, but 
this oft-repeated criticism has had little eflect upon 
industrial progress. We have access to considerable 
experience in this respect. 

In the present case it should be noted that full-scale 
plants consist of a number of cells eacb of the size of the 
pilot plant. The difficulties to be expected in increase 
of plant size are in even gas and liquor distribution. 
These can be overcome by correct design, and account 

* In reply to Dr. Pearce, and Messrs, Coates, Eritli, Fielding, Innes, and 
Selvey. 
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has been taken of this matter. Apart from the scrub¬ 
bers, the remainder of the plant consists of tanks, pumps, 
valves, pipe lines, and other well-tried apparatus. 

(B) Operation of the Pilot Plant. 

Operation with the non-effluent system described in the 
paper is about as simple as any form of operation can 
possibly be, for it is reduced to:— 

[a) The reading of, or automatic control by, a pH 
recorder. 

(h) The reading of a continuous density indicator and 
the corresponding manual or automatic control of the 
rate of purge to the filters. 

There is no close control of liquor and gas rates, and 
there are no complex liquor and gas analyses with their 
attendant delays and lags in plant control. It was these 
delays and lags which rendered progress somewhat slow 
during the investigations on the pilot plant, before the pH 
recorder was fully developed. 

Suggested difficulties with regard to the small range of 
pH are non-existent, since the solution is buffered with 
respect to pH by the relatively high concentration of 
suspended CaCOg and CaSOg. The delay tank itself also 
contains sufficient liquor to smooth out and to prevent 
rapid fluctuations in pH. No trouble was experienced 
on the pilot plant from such hypothetical difficulties. 

Some misapprehension has occurred concerning the 
mal-operation referred to in the paper, and the pro¬ 
vision of cleaning facilities. The term ** mal-operation 
was intended to cover matters such as the operatives 
losing the washing liquor or the solids in suspension, from 
inadvertence in the handling of control valves, i.e. 
accidental matters which, while being largely preventable, 
do happen occasionally, if infrequently, with all types of 
plant. It is good practice to make some provision 
limiting the consequential results of such accidents. 

(C) Some Details of the Plant and Process. 

Calcium sulphate is not readily precipitated, and 
consequently supersaturated solutions are rapidly formed 
within the scrubber unless time is allowed for crystal¬ 
lization of the liquor before each re-circulation. The 
temperature argument put forward by Mr. Coates does 
not hold in any case for the scrubber, since the maximum 
solubility of calcium sulphate occurs at the operating 
temperature (120° F.) of the scrubber liquor. 

No troubles due to scale or settlement have been 
experienced in either the lime slurry supply main or 
the pH recorder sampling cell. The design of the latter 
is such that a constant stream of liquor is withdrawn 
from the cone of the vessel as well as from the overflow 
(see Fig. 8). 

The wood used in the scrubber was common red deal. 
Other woods have been tried with equally satisfactory 
results. No mineralization of the wood has occurred 
after over 2 000 hours' service. No special materials 
have been used in the construction of the plant, other 
than staybrite pump impellers and rubber-lined pipe 
bends and pump casings. The corrosion of a mild-steel 
exit flue after the scrubber by the wet CO^-laden gases 
has been negligible. Painting of this flue by heavy 
bitumastic paint is, however, recommended. 


Corrosion of lead-covered cables will not occur if the 
plant liquor and sludge penetrate into the ground, and 
well-cast compact concrete also will not be attacked. 

Sodium carbonate is an effective cleaning agent because 
it reacts with the calcium sulphate and sulphite, forming 
calcium carbonate, which is in turn slowly dissolved by 
the dissolved carbon dioxide in the scrubber circulating 
liquor. 

(D) Extraction Efficiencies. 

Oxides of nitrogen are notoriously difficult to remove 
by scrubbing. They are present mostly as NO, which 
requires to be oxidized to NOg before solution can take 
place, and such oxidation is a slow process. The scrubber 
packing has been designed for efficient SOg absorption. 
A different form or amount of packing is required for 
efficient oxidation of NO and absorption of NOa. 

As regards dust-removal efficiencies, it is obvious that 
it is more difficult to obtain a high percentage removal 
from a gas which has already been partially dedusted 
and contains only the smaller particles at a reduced 
concentration. Actually the exit test from the scrubber 
is practically the same with both un-dedusted and par¬ 
tially dedusted gas from a powdered-fuel boiler—as is 
to be expected. Removal efficiencies, in any apparatus, 
depend upon the concentration and grading of the dust 
presented to the apparatus. In practice it is only the 
end conditions that matter. 

(E) Soot Removal, etc. 

The apparatus has not been tested for the removal of 
black smoke from a hand-ffred furnace. It should be 
noted, however, that:— 

{a) In the tests with black smoke mentioned in the 
paper, where the particles are extremely small, the ap¬ 
pearance of the chimney indicated very high extraction 
efficiencies for the “ sublimed " carbon or sooty particles. 

(b) An oily scum always collected on the settler of the 
pilot plant whenever combustion conditions in the asso¬ 
ciated boiler were poor, again indicating that the removal 
of sooty particles was taking place. 

In determining the efficiency of dust removal on the 
pilot plant, tests were made with a sampling nozzle 
designed by the late Professor Gibbs (Brit. Pat. 416516). 
The results thus obtained were in close agreement with 
those resulting from tests with other apparatus. 

(IV). Disposal of Mud.* 

Some misapprehension is evident concerning the dif¬ 
ference in the amount of sludge between pulverized-fuel 
firing and stoker firing. In the example given in 
Section V of the paper, the flow sheet being based on 
pulverized-fuel firing, the weight of ‘Vwet" sludge for 
disposal, for a power station of 120 000 kW installed 
capacity, is between 21 and 22 tons per hour. Of this, 
some 60 per cent (or 13 tons per hour) is wet ash and dust 
from the coal. This amount, or its equivalent on a dry 
basis, would require removal and disposal in any case 
and whatever system of flue-gas cleaning was installed. 
The additional 8 to 9 tons of calcium salts, with non¬ 
effluent cleaning, is unlikely therefore to impose any such 

* In reply to Dr. Pearce and Messrs. Coates, Dundas, Erith, and Innes. 
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great difficulties or expense as has been suggested by 
various contributors. 

With, stoker firing, without any scrubbing system, there 
would be, say, 8 to 9 tons per hour of dry ash. The 
non-effluent scrubbing system would mean a further 
7 to 8 tons per hour of wet calcium salts (with a small 
admixture of flue dust) for disposal. Thus, with any 
system of firing, the use of the non-effluent system as 
described in the paper does not quite double the amount 
of refuse from the station, when using a 1-5 per cent 
sulphur coal.*^ 

Admittedly dry ashes, in some cases, can be sold, but 
the monetary value involved is relatively inappreciable, 
and has no practical effect on the cost of power. When 
a uniform sludge becomes available regularly and in 
quantity, some useful purpose may be found for it. 
Clearly, however, it is desirable to maintain some sense 
of proportion in considering this matter. 

There are no really representative figures with re¬ 
gard to the cost of sludge disposal. The cost depends 
upon:— 

(i) The type of firing adopted; 

(ii) Whether and to what extent free transport, by the 
river, of the calcium salts in solution is available; 

(iii) The locality and local conditions. 

For one station in which the Howden-I.C.I. system is 
being installed, the cost of mud disposal is nil. 

No trouble is being encountered in connection with 
two other stations. ^^y should there be when at least 

half as much refuse material is exported from power 
stations already ? 

We do not discourage attempts at the recovery of 
saleable by-products. We have investigated various 
possibilities in this connection—so far without any 
promising results, owing mainly to the relatively small 
scale of the plant involved. This does not mean, how¬ 
ever, that some economic scheme of by-product recovery 
will not be ultimately developed and adopted. In 
practice, waste products are usually available in quan¬ 
tity long before any profitable method of working them 
up into saleable materials becomes available. 

(V). Economics. t 
(A) The National Aspect. 

In considering the matter from the economic side, 
there are two main aspects to be taken into account, 
viz.:—“ 

(i) That affecting the interests of the community at 
large. 

(ii) That affecting the interests of the particular source 
of emission. 

The financial loss to the community through not 
effectively cleaning all flue-gas emissions has been 
variously estimated from time to time, and most of the 
estimates agree in giving, as a reasonably modest calcu¬ 
lation, £40 million per annum for the direct material 
damage, i.e. as the evaluation of the annual cost in 
damage to buildings, fabrics, metal work, etc., and in 
additional cleaning and renovations. 

To this has to be added the indirect losses arising from 

♦ The increase is correspondingly less when a lower-sulphur coal is used, as is 
present practice in some of the London power stations, including Battersea. 

f In reply to Mr. Selvey and Mr. Eiith. , 


the detrimental effects upon the health and stamina of the 
urban population. For a large town it can be taken as a 
rough guide that within the town the inhabitants get only 
70 per cent of the sunshine they should do and that this 
part is only 70 per cent as rich in ultra-violet rays as it 
should be. In these days of common sense in health, 
with the value now placed on fresh air and sunshine, this 
is a serious matter and has been dealt with by various 
medical authorities on many occasions, especially as 
regards its incidence upon both the prevalence of pul¬ 
monary and cardiac diseases and also the increased death 
rate during temperature-inversion conditions. It is a 
matter that is exceedingly difficult to evaluate in terms 
of money. If we assume a sum equal to that mentioned 
for the direct damage, we shall certainly have an under¬ 
estimated figure. 

On this assumption the cost to urban dwellers of not 
properly cleaning domestic and industrial emissions is 
not less than £80 million per annum, i.e. 10s. per ton of 
coal burnt in urban areas. That is a cost now being 
paid. In considering this matter it should also be 
remembered that modern systems of economics regard, 
without exception, the well-being and welfare of the great 
mass of the people within the country as the immediate 
aims and ends of all such systems. 

(B) The Economic Aspect of the Source of Emission. 

With large sources of emission, either:— 

(i) They can adopt complete flue-gas cleaning and 
remain in the urban area, or 

(ii) They can go outside the urban area and adopt 
some smaller degree of flue-gas cleaning (for some years 
to come at least). 

For some power stations in large towns, to be removed 
or to be built well away from the centre of their loads is 
more expensive than to install complete flue-gas cleaning. 
Thus for the new final Battersea and Fulham stations the 
extra capital expenditure involved, if complete flue-gas 
cleaning had not been adopted, would have been 2| and 
million pounds respectively, with annual charges of 
around £200 000 in both cases. For these and similar 
new stations it is much more economic both from the 
national and power-station interests to adopt complete 
flue-gas cleaning and to remain within the town. For 
existing urban power stations it is even more economic to 
remain within-the urban area. 

For the non-effluent process and plant described in the 
paper, owing to further developments since the manu¬ 
script was prepared the capital costs for a reasonably 
large station have been reduced to about £1*25 and 
£1'0 per kW of installed capacity for the unit and central 
systems respectively, i.e. say around 5 to 6 per cent of 
the capital costs of the power station as against about 
40 per cent in the cases of Battersea and Fulham if 
complete flue-gas cleaning had not been adopted. 

Running costs were shown in Table 6 of the paper, 
while the complete annual charges were given in Table 7. 
Capital charges constitute approximately one-third, lime 
charges one-third, and miscellaneous charges the remain¬ 
ing third of the complete annual charges, which are 
between 0-0130d. and 0‘0145d. per unit generated, i.e. 
say about 5 to 6 per cent of the cost per unit generated, as 
against 12 to 15 per cent if stations such as Battersea and 
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Fulham were built outside the urban area, 20 miles from 
their present ^sites. In any case, the cost of complete 

flue-gas cleaning is negligible on the price paid for dis¬ 
tributed power. 

Moreover, in these costs no account has been taken of 
the facts that some form of partial flue-gas cleaning must 
be installed in the alternatives and that actually only the 
additional costs should be considered. 

Experience and logic combine to confirm that, humanly 
speaking:— 

(i) The increase in electricity consumption so evident in 
the past decade will continue. 

(ii) Power stations should become larger and larger in 
order to ensure more efficient generation with large units 
(already in Germany there are power stations with 
450 000 kW installed capacity). 

(iii) The increase in electricity consumption will, to all 
intents and purposes, occur in the areas with large 
populations (e.g. London, Lancashire, the Midlands, etc.), 
and that economically, both from the national interests 
and from the power station interests, the pow^’er stations 
should be located in these same areas with larae 
populations. 

Clearly, therefore, since complete flue-gas cleaning 
permits {a) economic location of the stations in the urban 
areas (compare the cost alternatives for Battersea and 


Fulham given above), and ifi) economic generation of 
power in large stations, it is an economy and not an 
expense to the power-station management, even if the 
national aspect as treated under (A) above is disregarded 
altogether. 

Apart from the gains in economic generation and 
location thus rendered capable of easy achievement 
through complete flue-gas cleaning, new or modernized 
stations can generate with lower costs due to:— 

{ci) The adoption of higher steam temperatures and 
pressures, the present general level in this country being 
too low. ^ 

(5)'*Obtaining powers to supply low-pressure steam to 
surrounding factories, as is now the practice in many 
U.S.A. and European towns, 

{c) Giving greater inducements to factories to work 
continuously on shift. (Incidentally such factories would 
benefit by more continuous employment of their capital, 
the surrounding population by higher spending power, 
and the station by a more uniform rate of coal consump¬ 
tion and a lower instantaneous maximum rate of mass 
emission.) 

Lastly, whatever the argument may be, the consumer 
will actually or virtually pay any immediate apparent 
costs for complete flue-gas cleaning and will garner the 
greater economies. 
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Summary. 

The limitations of existing formulas for calculating the 
alternating-current resistance of a “ go and return ’’ system 
of two parallel conductors of circular cross-section are out¬ 
lined, and an improved formula is developed. A table is 
given so that the alternating-current resistance may be 
evaluated in any given case in a few minutes. Experimental 
work was carried out to check the formula, and agreement 
was obtained to within 1 per cent. 


List of Symbols — continued, 

is a function of a and and is defined in 
the paper. 

\'k^\ — Modulus of 

F{x), G{x), A{x),B(x), C(x),fjx), and gn(x), are functions of 
X and are defined in the paper. 

C = Correction factor. 

= Correction factor when a; = oo. 
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B — Direct-current resistance of each con¬ 
ductor in ohms per centimetre length. 
i2' = Alternating-current resistance of each 
conductor in ohms per centimetre 
length. 

w = 27t/, where / is the frequency in cycles 
per sec. 



a = (Diameter of each conductor)/(Spacing 
between axes of conductors). 

^ — 1 — a. 

n == An integral number having consecutive 
values from 0 or 1 to co. 
m = An integral number similar to n. 

/== V(“ !)• 

= Bessel function of the first kind, of order 
n, and with the argument cr'\/(—y). 

Xn = 

1 [a: V (—.?)] 
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(1) Introduction. 


The theoretical determination of the effective resistance 
to alternating currents of a system of two straight parallel 
conductors of circular cross-section forming the go and 
return conductors of a single-phase system is a problem 
of considerable mathematical complexity. 

Several authors have put forward solutions, but their 
results have not been easily comparable on account of 
the widely difi'ering forms in which these solutions 
appeared, while few of the authors have attempted to 
compare results given by their formulae with experi¬ 
mentally determined values. In many cases the numeri¬ 
cal evaluation of these solutions is a difficult and lengthy 
task which few engineers would care to undertake. 

The present author has made a detailed examination of 
the solutions put forward by G. Mie,t J. W. Nicholson,J 
H. L. Curtis,§ J. R. Carson,|| S. Butterworth,*[f H. B. 
Dwight,** C. Snow,tf and M. J. O. Strutt, Nicholson’s 
solution is very difficult to evaluate, and his formula is 
generally discredited. He made no attempt to check his 
formula with experimental results, and Curtis§§ pointed 
out in 1920 that his formula gave results which were 
incorrect as regards both magnitude and sign. The 
other authors all assume that the effect of the dielectric 
current may be neglected, and thereby simplify the 
problem enormously. This assumption appears to be 
justified even up to very high frequencies. On this 
basis, all the authors are agreed that the ratio of the 
alternating-current resistance to the direct-current re¬ 
sistance (B'/B) of two parallel conductors of circular 
cross-section is a function of two independent variables 
only. The first variable is denoted by the symbol x in 
this paper and is defined to be equal to twice the square 
root of the ratio of the circular frequency ( 2 ' 7 r times the 
frequency in cycles per sec.) to the resistance of the con¬ 
ductor in C.G.S. units per centimetre length. At a fre¬ 
quency of 50 cycles per sec., the value of x for a copper 
conductor of 1 sq. in. cross-section is approximately 2, 


t See Bibliography, (1). 
II Ibid,, (4). 
tt Ibid., (7). 


t Ibid., (2). 
TI Ibid., (5). 
Ibid., lB). 


§ Ibid., (3). 
** Ibid., (6). 
§§ Ibid., (3). 

jd . 
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and at any given frequency x is proportional to the 
diameter of the conductor. Alternatively, for a given 
conductor cross-section, x is proportional to the square 
root of the frequency. The range of the independent 
variahle x is from 0 to oo. The second independent 
variable is denoted by a in this paper, and is defined to 
be the ratio of the diameter of the conductor to the 
spacing between the axes of the two conductors. The 
range of the independent variable a is from 0 to 1. 

Experimental values of the alternating-current resis¬ 
tance of parallel conductors have been obtained by A. E. 
Kemielly, F. A. Laws and P. H. PierceH. L. Curtis;t 
and by the present author. There is thus ample material 
available for checking the formulas put forward by various 
authors. 

Mie s formula is simple to evaluate but is only valid 
for values of x less than 1. This range is so small that 

his formula cannot be considered to have much practial 
value. 

Curtis s formula is much more difficult to evaluate, 
but is valid over a range of a; up to about 4. It therefore 
has considerable value. Curtis showed that his formula 
gave results in close agreement with experimental results. 

CarsonJ and Butterworth§ both tackled the problem 
at about the same time, and both succeeded in establish- i 
ing fundamental equations for the ratio of the alternating- 
current resistance to the direct-current resistance (R'/B) 
which were theoretically sound. In order to solve these 
equations, however, they were compelled to introduce 
approximations which limited the validity of their final 
formulae. 

Carson solved his fundamental equations rigidly for 
the case of re = co, and then obtained an approximate 
solution for finite values of a? which tended asymptoti¬ 
cally to the correct solution as x tended to infinity. For 
values of a less than 0'5 his solution was sufficiently 
correct for all values of x, but when a lay between 0 • 5 
and 1 • 0 his formula was liable to give results which 
were seriously in error for moderate values of * 

Butterworth, on the other hand, obtained an approxi¬ 
mate solution which gave values of B'/B which were less 
than 1 per cent in error for any value of x provided that a 
was less than 0 • 7. For the limited range of x from 0 to 
4*7, the error was less than 1 per cent for values of a up 
to unity. Flis formula contained functions of x which 
were rather difficult to evaluate. He gave a few values 
of these functions, but the values were too widely spaced 
to allow of interpolation. 

Dwight's formula is exceedingly difficult to evaluate, 
and is therefore not further considered. 

Snow s and Strutt’s formulse have the virtue of 
extreme simplicity but are liable to be seriously in 
error. They will be referred to again later. 

Thus Butterworth s formula is the only one having a 
reasonable range of validity. The present author has 
therefore investigated it in great detail and has developed 
an improved formula having a greater range of validity. 


2*68 by Carson’s formula, 
i?/iJ =5= 2-44 by more rigid formula. 

The error iu Carson's formula is thus 10 per cent. As the uroximitv 

value of M'/R, the error in the estimation of 
the proM^tv effect by Carson’s formula is 32 per cent. As a increases frora 
0- 9 to umty the error in Carson’s formula increai^es at a rapid rate. 


Adequate tables have been prepared so that the work 
of evaluating B'/B in any given case is a matter of a few 
minutes only. 

The development of this improved formula is given in 
the next section. The formula is shown to give values 
of B'/B which are less than 1 per cent in error for any 
value of a; up to CO provided a is less than 0*92. If x 
is less than 10, the formula is less than 1 per cent in 
error for values of a up to unity. A method of obtaining 
approximate values of B'/B in the small range of x and a 
not covered by this formula is indicated in Appendix 1. 

(2) Theory. 

The theoretical development given in Butterworth’s 
paper is followed as far as his equation (18),’*' which is 
reproduced here in the slightly different form:— 


1 4- a;' 




1 +^ 
® 1 


1 ' J 


Equation (1) is a rigid equation derived from the 
initial conditions, and it is in the approximations intro¬ 
duced at a later stage by Butterworth, in deriving his 
final formula, that the errors are to be found. 

The conditions determining the values of Jc^ are given 
by Butterworth in his equation (39),f which is given here 
as a series of n simultaneous equations for the coefficients 


to : 


m=v> 

•D 




7. Y 

I 2^ j 


m~co 

m=el 


IC/rn^i 




-o j (m + 1) 


(2a) 


( 25 ) 


jn—00 




L1) + 2) . . . 




(m + n — l)/(?^ — 1)! 


{2n) 


The coefficients to are progressively less important 
in determining the values of B'/B as n increases, and it 
is proposed in this paper to solve equation (2) only as 


far as Jc^. 


Writing out equation (2) in full, we have 


:a 1 


-aJc.X^ 

JL fJLi 


- -a^hX. 


* Butterwortb’sequation (18) is:— 


- 


'3 3 


(3a) 




1 


in which 


{z)fn 


W == Energy loss in conductor =« 
l-STo =8 / s= Maximum value of current in conductor, 
s == a; in this paper, 
in this paper. 


*>» w have the same meanings as in this paper, 

t Butterworth’s equation (39) is:— 

00 TTrt ri.^n 

1 r 1 

in which jKq —t is the distance from the axis of one conductor 

to an arbitrary point lying on the line between the axes of the two conductors. 
r' is the, dlstan,oe from the axis of the other conductor to the same point, 
a radius of conductor. has the same meaning as in this paper. 





h = 

1 - 

4 V 

- aJcjXj^ — ^o?h^2 ““ 

4 2i 




5 \ 

{3b) 

hg = 

1 - 

8 V 


( 3 c) 


^a,*( 1 ■ 

16 V 

— 2alc^^ — ga^/^gXg — 

{3d) 

h = 


~ct« . . . • . 

( 3 c) 

h = 


"*...)• . . . . . , . , 

(3/) 


Solving (3) by successive approximations, 

1 r_ 1 1 ...o .. 


1 _ -a^X^ + —a^xl — X^) + ^a^(SXjX,^ 

— Xf — Xg) -f —a®{Xi + 4X^X3 — SXfXg 


266 ' 

+ 3X1 - X,) + ^a“(7X?Xg _ TXfXg - Xf 


— llX^\ -f- 4“ 10^3^2 — ^ 5 ) 

- xf - 2X3) -h ~o?{ia^x^ -- 12x1x2 4- 2X1 

-{- 9 X 2 — SX^) 4* • • •"! • • • . . (45) 


■— 5 X^) 4 ~ • • . 

^ = - 8 “' - 2 ^ 2 ) 

+ —a^ilsX^X^ - 3Xf - 10 X 3 ) + . . .1 . (4c) 

^1:4 = ^1 - a^X^ + ia^(2X^ _ 5X3) + . . . . ( 4d ) 

h — 1 ~ 4 ®^^! + • • • .(4®) 

[1 - • • •].(4/) 

The moduli of the complex quantities to 7cq are 
required in equation ( 1 ). Substituting (<^n — for X^, 
the squares of the moduli may be calculated and are 
given below to the order of a®. 

l*iP = 1 - - 2^2) 

wKi m¥m JU 

"" ^ 3 ) H” • • • • • • • • • • • (5^) 

l^«2P = 1 - - 19^2) + ■ • • (5^) 

K'sP = fl - + • • ■"] • • ... ( 6 c) 

• 3 C mul 


a^Xj + 


(4/) 


(5a) 


o 3 . \ *ni / 
1 ■“■ 3^2) + • * • 


7 r 2 
% 




256 


a® 1 


(5^) 


Substituting these values into equation (l)^ we have 

iB7i?=l+la:2 tf)2+a^i+^H>p2-^li^d 

+^“®('/'3- 3^1- ^ 2 ’/'l) 

+16!/f l/ra -1 +1 

~ 89^3^1+^®'5^1'/'2-12^2'/'2~3i^li/'3 + !/'4)+ ... (6) 

which may be rewritten in the form 


where 


E'lB - 1 4 4 'Ea^%(x) 

1 


F{x) — .. (7a) 

f^(x) == x^i/jJS . (7b) 

f^(x) = — icf>jil;j)IQ4: . . ... . . ( 7 c) 

f^(x) = a; 2()^3 — + Q4’l4’i - m — 

f^{x) = a:2(32^^^2'Ai — 


“I" 16^4^^ 8<^3^4 ~f* 16<^4^2 

— 12 ^ 2 !/fa — 8^4 + ^4)/2048 


( 7 c) 


jp(a 7 ) is the increase of resistance of the conductor due to 
skin effect when the return conductor is remote (a — 0 ). 

When a; or a or both are small, only a few terms in a 
need to be evaluated in order to obtain the value of 
R'lR to high accuracy, but when both x and a are 
large a very great number of terms must be evaluated, 
since the convergence of the series in equation (7) is then 
extremely slow. This equation is not, therefore, satis¬ 
factory for evaluating R'lR. A more convergent series 
is obtained by rewriting it in the form of equation ( 8 ), 
namely 

R'lB = 1 + F[x) +-- . . ( 8 ) 

1 — ^o?^gn(x) 


where 


g4P^) 


r* 1 fi 


G(x) =fi(x) = x^i[sJ8 . . 

f^{x) 3i(i^ ^9l ■ ■ ■ ■ 

;#) - kwF 

- Uw^~ ~ ~ ~ 

73 W - 6iWP - 2 JiWJsW 

_ ^ 7 ^Al 8 / , rk 


{8a) 

(Sb) 




- fx 


[7i(a:)]® - 29'i(a:)5-2(a:) 


#1 


( 8 c) 


^ 2^2 

% 


<f>X^3 , # 


T Xf *> I T XT 


iM I fM 

I 7^1 




(Sd) 
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Biitterworth’s final solution consisted of equation (8), 
neglecting all terms above In this, paper it is 

proposed to carry the solution as far as g^[x). The 
te.rms above will only affect the value of R'jR 

appreciably for values of a near to unity, where 
decreases slowly as n increases. Equation (8) may 
therefore be rewritten with little error in the form:— 

R'jR = 1 ~f Fgr) -f oP‘G{x)l^ 1— o?g^{x) — a^^g^l^x) +^ 3 (a:)] 

-a^[gix)i-g^{x)+g^{ps)\- . . . } 


Let 

B(^) — g^(x) -f g^(x) 


A{x) = gj{x) = ^ ^ ^ 


2 


(9a) 


*/'4 








^ 3^ 1) <A2('A’i ^ 2 ) 

6 #, 

.9 . 2 


d6ifj^ 

, 4 


, o 

T 


+ 




H-’/d ^ h 

16 16 8 


_iz _ 4'2 'Pz 

192^, 


m 

(9c) 


64 32 

G[x) = 9 - 4 ( 2 ;) + g^(x) + g^{x) 

ihen, ignoring all terms above gAx), we have, approxi¬ 
mately, 

R'IR= 1 -rF{x)-{-a?G(x)l\l—a^A{x) —oJ‘B{x)—a^C{x)\ ( 9 ) 

The evaluation of the function C{x) in terms of and 
is exceedingly laborious. Fortunately, a simplifica¬ 
tion is possiWe, since C{x) will only affect the value of 
R'lR appreciably for large values of x. In another 
paper,* Butterworth gives these asymptotic equations 
for and ^„&sx-^co. They are 

n^/2 nV2(2w—l)(2 w-3) 

8x^ 


- 1 -f" 


X 


n{2n I)(2n—3) ^ n^2{2n—l)(4:n ^^^)(2n—7) 

128a;^ 

4- 

I • • • « 

tlj„ = -• 1) ^ 7l^/2{2n — 1) (2n — 3) 

*' _-0 ^1 ~ ~ ' im* 


( 10 ) 


X 


Sx^ 


J- — I ) ( 47^2 _ gj ^2n, — 7 ) 

128^ • 


( 11 ) 


calcul’aW^i’if equations (4), and then 

and^^-^"" moduli, we have, to the order of 


All -ja 


9. 


a" 


16 


a 


—a° d- a 

32 ^ 128“ 


4 _j_ _* 


8 


33 


a 


256 

21 


10 _L 


X 

165 


2 , ^ A 

^V 2 “ + 8 “ 


91 

—-f -f LLctio t 

32 32 ^ 256 ^ * 


ii'h-.ti 






16 


a' 


‘ a :^\8 ‘ 4 

^1 -f -f ga^ 

* See Bibliography, (10) 
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V2/ 2 , ^ 4 , 9 « , 165 , 
— (a^ + -a^ -f -a® -h -—a® -f- 
a; \ 4 4 64 

,2/1. 5„ 67 „ \ 

+ if 5“^ + ja® •+ —a® -f . . .) 
a;‘=\2 4 32 / 


l^sP = 


64 
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(1 + -b -a^ + + ■ 


V2/3 , 27 , 165 „ 

V2““ T“ ‘ 39 “ • ■ 


X 




256 


a' 


8 


■^a; 2 ( 8 “ ■^■ 8 “ + ' ’ •) 
(1 + 2a® -f ha4 + . . , 


X + 2 “^ + • • •) + + • . 0 




1024 


a 


10 




4- _^2 


4* . . . 


a/2/5 




'6 


a 


12 




V 2 


0,2 4- 


...) 


4. 


4096 


+ . . . 


Equation ( 1 ) may now be written in the form:- 


9 


— l i m n 


17 


I 4 / 3^^^^ 

+ “ 32 ' 12-^ 


—■■ I — 


+ a® f-^ _ ^ 

132^2 64 ^ 256\/2x + ' • * j 

/ 35ir 245 1785 

d- « * 


4" ct' 


3 


245 

fr- 1 iTk ~l”" 


\256V2 512 2048V2a; 

4 - -loA 667 5649 

V512V2 1024 ^ 4096^2® ' 


_p qIz/. 231a: 2541 




32109 


\2048v'2 4096 16384-v/2a: 

-f- . . . 

= 1 -b F(x) + a^G(x)/[l - Sa®»fir„(a:)] . . 

1 

whence 
G(x) 


?i(a:) 


9'2{») 


?4(»=) 


X 

1 

1 

~ 4V2 

8 32-^20; 

_ 3 

3 
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2 ^ 2x Sx ^ 

__ 1 

1 

5 

1 

“ 16 “ 

4Y^2a3 

16a:2 ■ 
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3 

19 

t 

32 

lQ ^/ 2x 
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5 

37 
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32V2aj 
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1024n 
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(13) 


(13a) 


(136) 


(13c) 


(13ii) 
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Equations (13), (13^?^), (135), and (13c), may also be 
obtained directly, by inserting asymptotic values of 
and ifjn into equations (8a), (85), (8c), and (Sd), 

At still higher values of x, when the first term only is 
of importance, JF{x) = x/{2\/2), approximately, and 
equation (12) becomes 


2^/2 


(l + + 




, 63 ,n , 231 


This series can be recognized as corresponding to the 
expansion of (1 — a^)""l, so that, for very high values 
of X, 


B'lR = £t:/[8(l 


(14) 


Equation (14) is the formula put forward by Snow 
and Strutt. It is very simple, but for finite values of x 
it may be seriously in error. It is useful, however, for 
estimating the limiting errors of equation (9) when 
a; -r 00. The errors of equation (9) for values of x less 
than 00 will, in general, be less than the errors when 

X == CO. 

Equation (14) may also be used for determining the 
first term of gQ{x). The second and third terms may be 
estimated by extrapolation from the second and third 
terms of g^ix), g^{x), g^{x), g^{x), and g^[x). We then have 
approximately, 

, V 21 1 9 ... 


94^^) 


2048 Z2x^ 


“f” . . . 


The fourth term of 5^4(02), g^^), and g^p), is positive. 
This may be allowed for, to some extent, by slightly 
reducing the value of the third term. Combining ^4(0;), 
g^P^), and g^^), and slightly altering the value of the 
terms, in order to simplify the fractions, we have 


+ g^x) 


8 


_3_ 

4,x^ 


, (15) 


By equation (15), C{x) falls to zero when x falls to 8*8. 
For values of x less than 8*8, C[x) should be taken equal 
to zero. When a; -t- co, equation (9) becomes 


2V2 


1 -f- 


2 1 


(16) 


If equation (16) is compared with the rigid equation (14), 
it is found that its error is less than 1 per cent for all 
values of a less than 0*92. 

As ii; decreases from oo the range of validity of 
equation (9) for 1 per cent accuracy increases, and when 
X falls to about 10, equation (9) is less than 1 per cent 
in error for values of a up to unity. In practical cases, 
a will usually be less than 0*92, but if, in an exceptional 
case, it should be greater than 0*92, it is possible to 
correct equation (9) by means of a correction factor. 
The development of this correction factor is given in 
Appendix 1. In the next section, formulae are given for 


the rapid evaluation of the functions Fix), G{x), A(x), and 
B{x). For the range of the argument where these 
formulae fail, tables are given at intervals of the argu¬ 
ment sufficiently close to allow of linear interpolation. 

(3) The Functions F{x), G{x), A{x), and B(x), 

Butterworth* has developed equations for evaluating 
and ifj^ for any value of x. For very small values of 
X these equations take the form given below, namely 

<£ — 

{2u)^i2n -j- 2) (2n -f- 4) 

, (28n + 48)a;^ 


(2n)'*(2w+ 2)2{2re + 4) {2n + 6)(2«, + 8) 


■ • • (17) 


2n(2n + 2) 


(lOw + 12)a:8 


(2n)^(2n + 2)^(2n + 4) (2n + 6) 


(18) 


For large values of x, equations (10) and (11) may be used. 

If these values are substituted into the equations 
for the functions F(x), etc., asymptotic equations are 
obtained covering the range of the argument near zero 
and near oo. There remains a range of the argument 
which is not covered. For this range, the values of the 
functions are given in Table 1 for sufficiently close 
intervals of the argument to allow of linear interpolation. 


(13/) (i) F(x). 


F(x) ~ 


. . (7a) 


For small values of x, 


F{x) 


192 




approximately . . (19) 


Equation (19) may be used for all values of x from 0 up 
to 2*2 with an error of less than 0-1 per cent. 

For large values of x. 


771/ N ^ , 3 \ 3 

~ 2V2V + 8^) ” 4 ■ 


■ ( 20 ) 


Equation (20) gives F{x) with an error of less than 
0*02 per cent for values of x above 6. 


(ii) G{x). 

G{x) =: £C^«/fx/8 
For small values of x, 


(8a) 


G{x) 


llx^ 


“f” •, • 


64 24576 ' 

6 a?^ 

384 + 11# approximately. 


By calculating a few actual values it is found that a 
slight improvement in this approximate formula may be 

* See Bibliography, (10). 




1*6 
1-7 
1-75 
1 *8 


2-26 
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2-32 

2-34 

2-36 

2'38 

2-40 


2-62 

2-54 

2-56 

2-58 

2-60 

2-62 

2-64 

2-66 

2-68 

2-70 

2-75 

2-8 

2-85 

2-9 

2- 95 
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3- 05 
3-1 
3-15 
3-2 

3•25 I 

3-3 

3-35 

3-4 

3-45 

3-5 


Sic* 


960 + 4a:^ 


0-1150 

0-1188 

0-1227 

0-1267 

0-1307 

0-1348 

0-1390 

0-1433 

0-1477 

0-1521 

0-1566 

0-1612 

0-1659 

0-1716 

0-1764 

0-1803 

0-1853 

0-1903 

0-1954 

0-2006 

0-2059 

0-2112 

0-2166 

0-2220 

0-2276 

0-2417 

0-2562 

0-2711 

0-2864 

0-3021 

0-3181 

0-3344 

0-3510 

0-3679 

0-3850 

0-4024 

0 - 4200 
0-4378 
0-4557 
0-4738 
0-4920 


0-1055 

0-1158 

0-1265 

0-1375 

0-1489 

0-1605 

0-1724 

0-1845 
0-1967 
■ 0-2090 

0-2214 

0-2264. 

0-2313 

0-2363 

0-2412 

0-2462 

0-2511 

0-2561 

0-2610 

0-2659 

0-2708 

0-2756 

0-2805 

0-2853 

0-2901 

0-2949 

0-2996 

0-3043 

0-3090 

0-3137 

0-3184 

0-3230 

0-3276 

0-3321 

0-3367 

0-3412 

0•3523 
0-3632 
0-3739 
0-3844 
0-3948 
0 • 4050 

0-4150 
0-4248 
0•4345 
0•4440 
0-4533 


0-1196 

0-1272 

0-1352 

0-1435 



0-2146 

0-2184 

0-2222 


0-2449 

•2486 

•2523 

•2561 

•2598 


0-2672 


0-2782 


0-2854 


0•2925 
0-2960 
0-2995 

0-3081 

0-3166 

0-3249 

0-3330 

0-3409 

0-3487 

0-3563 


0-3779 

0-3847 

0-3914 
0-3978 
0•4041 


2 

0-4161 


— 0-0010 
— 0-0018 

— 0-0025 

— 0-0034 

— 0-0039 

— 0-0043 

— 0-0047 

— 0-0052 

— 0-0056 

— 0-0060 

— 0-0064 

— 0-0068 

— 0-0071 

— 0-0074 

— 0-0075 

— 0-0076 

— 0-0078 

— 0-0079 

— 0-0080 

— 0-0081 
— 0-0082 

— 0-0083 

— 0-0084 

— 0-0085 

— 0-0086 

— 0-0087 

— 0-0088 
— 0-0088 

- 0-0089 

- 0-0089 

- 0-0090 

- 0-0090 

- 0-0090 

- 0-0091 

- 0-0091 

- 0-0091 

- 0-0091 

- 0-0091 

- 0-0090 

- 0-0090 

- 0-0090 

- 0-0089 

- 0-0087 

- 0-0085 

- 0-0083 

- 0-0080 
- 0-0077 

■ 0-0074 

■ 0-0070 

■ 0-0066 

0-0062 

0-0057 

0-0052 




0-0042 


3-8 

3-85 

3-9 

3- 95 
4 

4- 05 
4-1 
4-15 
4-2 


6-2 

6-4 

6-6 

6-8 

7 


8-6 

8-8 


9-2 

9-4 

9-6 

9-8 


10-6 

11 

11-5 

12 


0-5104 

0-5288 

0-5473 

0-5659 

0-5845 

0-6031 

0-6218 
0 - 6405 
0-6592 
0-6779 

0-6966 

0-7152 

0-7338 

0-7523 

0-7893 

0-8261 

0-8627 

0-8991 

0-9353 

0-9713 

1-0071 

1-0427 

1-0781 

1-1135 

1-1487 

1-1839 

1-2189 

1-2539 
1-2889 
1-3238 
1-3587 
1- 3936 

1-4634 
1-5332 
1-6031 
1-6731 
1 - 7432 

1-8133 

1-8836 

1- 9538 

2- 0241 
2-0945 

2-1648 

2-2352 

2-3056 

2-3760 

2-4464 

2-5168 

2-5872 

2-6577 

2-7281 

2-7986 

2- 9748 

3- 1510 
3-3273 
3-5036 


0-5673 

0-5758 

0-5842 

0-5926 
•6 
0-6094 
0-6179 

0-6348 
0-6518 
0-6688 
0-6858 
0•7030 
0-7203 
0-7376 
0-7550 

0-7727 
0-7904 
0-8081 
0 - 8258 
0-8435 

0-8613 
o'- 8790 
0-8967 
0-9144 
0-9322 

0-9676 

1-0031 

1-0385 

1-0740 

1-1094 

1•1448 
1-1802 
1-2157 
1-2511 
1-2865 

1-3219 

1-3573 

1-3928 

1-4282 

1-4636 

1-4990 

1-6344 

1-5698 

1-6052 

1-6406 

1-7291 

1-8176 

1-9061 

1-9945 


0-4433 

0 - 4482 
0-4530 
0-4577 
0-4622 
0-4665 

0-4707 

0-4748 

0-4788 

0-4827 

0-4900 

0-4969 

0-5034 

0-5095 

0-5152 

0-5206 

0-5258 

0-5306 

0-5351 

0-5395 

0-5436 

0-5476 

0-6514 

0-5551 

0-6587 

0-6621 

0-5654 

0-6686 

0-5746 
0-5802 
0-5855 
0 - 5904 
0-5951 

0-5995 

0-6037 

0-6077 

0-6114 

0-6149 

0-6183 
0-6215 
0 - 6246 
0-6275 
0-6302 

0-6329 
0-6354 
0 - 6378 
0 • 6402 
0 - 6424 

0-6476 

0-6523 

0-6566 

0-6606 


•0036 
•0030 
-0024 
•0018 
— 0-0012 

•0006 


-t- 0-0001 
0-0008 
'0-0015 
0-0022 

0-0029 

0-0036 

0-0044 

0-0052 

0-0067 

0-0083 

0-0098 

0-0114 

0-0130 

0-0146 

0-0161 

0-0176 

0-0191 

0-0205 

0-0219 

0-0233 

0-0247 

0-0260 

0-0273 

0-0286 

0-0299 

0-0311 

0-0333 

0-0353 

0-0372 

0-0390 

0-0408 

0-0424 

0-0439 

0-0454 

0-0468 

0-0481 

0-0493 

0-0506 

0-0516 

0-0526 

0-0636 

0-0545 
0 • 0556 
0-0564 
0-0672 
0-0580 

0-0599 

0-0616 

0-0631 

0-0644 



















effected by reducing the coefficient of in the denomi¬ 
nator by 0 • 8 per cent. We then have 


Gix) 




>-<1 l •fv M - 

120 . 

384 H- 

11 

_ lla:« 

“ 704 +1^. 

Equation (21) may be used for all values of x from 0 
to 1’7 with an error of less than 0-05 per cent. For 
large values of x, 

= 

Equation (22) may be used for all values of x above 5 
with an error of less than 0 • 05 per cent. 


(iii) A{x). 


A{x) 


For small values of x, 

A[x) = 


jh. 

89^1 


. (9a) 


1 627a^ 

24 46080 


Following similar methods to those employed in 
obtaining formulae ioxF{x) and (^(a;), the following approxi¬ 
mate formula is obtained for A{x), 


A{x) 


1 , Sx^ 

24 700 + 19x^ 


(23) 


Equation (23) may be used for all values of x less than 
1-7 with an error of less than 0*1 per cent. For large 
values of x, 

_L_^_ 

4 2-\/2x Sx^ 16-\/2x^ 32x^ 

This formula is valid for values of x £ibove 5, but, as it is 
rather long, values of A[x) are given in Table 1 for values 
of X up to 12. For values of x above 12, the following 
equation may be used with an error of less than 
0*03 per cent. 

A{x) = .... (24) 


100 r» 


(iv) B(£13), 
F(aj) = 


ijj^{2 —■ 3<}f>j_) ^ 2(^1 + 9 ^ 2 ) 


256ih-t ‘ 96iL 64 ?^ 

_ ^ _ T2Y3 

8 64 32 I92i/j^ 


(96) 


For values of a? up to 1*4, B{x) is less than 0-001 and 
may be neglected. For large values of x, 


B{x) == 


17 39 219 

16^/2x 64032 12sV2x^ “ ‘ 


This may be replaced by a simpler formula, namely 


B(x) = 


lOx 


1 + 





(25) 


Equation (25) may be used for values of x above 9 with 
an error of less than 0*2 per cent. 


(4) Working Formula. 

The formula developed in this paper, namely 

B 'jR = 1 -]-F [x) + o?Q{x) /1^ 1 — a^A (x) — a^B{x) ^ a^C (x) J (9) 

has an error of less than 1 per cent for all values of 03 if a 
is less than 0 • 92, and for all values of a if x is less than 10. 

For small values of x. 

F{x) — 5o3^/(960 -}- 4o 3^), if x is less than 2-2 . . (19) 

G(x) ~ 1103^/(704 + 20o 3^), if x is less than 1-7 . (21) 
A{x) — -^-^4 -{- 8o;V(700 -f 19.03^), if 03 is less than 1*7 (23) 
B{x) = 0, if X is less than 1 • 4 
C{x) = 0, if 03 is less than 8-8 


For large values of x. 


F{x) = 


G{x) 


^( 03 ) 


2^/2 


4V2 


1 -j~ 


7503 - 107 
IOO03 


if x is greater than 6 (20) 
4 


if 03 is greater than 5 (22) 


, if 03 is greater than 12 . . (24) 


B{x) 


lOo; 


, 2 
1 -|— 


vO iV 


, if 03 is greater than 9 
. . . (25) 


(7(03) 


23 27.03 403^ 


, if 03 is greater than 8-8 (15) 


For intermediate values of x, the values of F(o3), (7(o3), 
^( 03 ), and B{x), may be obtained from Table 1. 


(5) Experimental Work. 

The accuracy of equation (9) was checked by a series 
of measurements on two copper rods, each 1*26 in. 
diameter and 12 ft. long. The principle of the bridge 
employed for measuring the alternating-current resistance 
of the rods is shown in Fig. 1. 

The inductive component of the voltage-drop across 
the unknown impedance, Z, is balanced against the 
secondary e.m.f. of a variable mutual inductance, M, 
whose primary carries the same current as Z, The 
resistance component of the voltage-drop is balanced 
against a fraction of the voltage-drop across a four- 
terminal resistance, carrying the secondary current 
of a current transformer T, whose primary is in series 
with Z- is the total resistance of a Thomson-Varley 
potential divider, and is the resistance between tapping 
points. The fraction of the voltage across R^ which is 
tapped off, r' 2 lr^, may be varied from 0*00002 up to 
0*99998. The galvanometer deflection is reduced to 
zero by varying M and and at balance no current is 
taken from the voltage terminals of Z. 

Let 
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where R’ denotes the alternating-current resistance of 
Z and coL' denotes the alternating-current reactance of Z. 
Let 

Secondary current of T I + jd 
Primary current oiT ^ 

where 0 = phase angle of T, and K = ratio of T, 



Fig. 1. Alternating-current bridge for measurement of 

low impedances, 

E = earth point; T = current transformer; M = mutual inductance; 
z, — impedance to be measured; V.G. == vibration galvanometer; 
4 -terimnal resistance; r^ — Thomson-Varlev potential divider; 

= tapped-off portion of divider. 

Let 

Secondary e.m.f. of M 
Primary current of M ^ 

where cr = phase defect of ilf. 

Let 

Impedance of ~ E^{1 -f- jY) 

Impedance of 

Impedance of = r 2 (l + Jt]) 

where Y, S, and 77 , are phase angles of E., r., and 
respectively. ^ 


It will be assumed that the residual errors of T, M, 
E^, and rg, are so small that their products may be 
neglected. Then the equation of balance is 


E' — coMiu -j” 
+ E^)K 


j) = + jy){l 

[^i(f +,73) + jYy^K 

I + j(^d + y + 7] - -1 + 


Equating in-phase components, 


(j-i + R^)K ^ 

The phase defect of the mutual inductance is, there¬ 
fore, the only error which has a first-order effect upon 
the measured value of E'. The mutual inductance 
employed consisted of a uniformly wound toroid which 
was nearly astatic to external fields and which had a 
phase defect of approximately 0 • 4 minute at a frequency 
of 600 cycles per sec., the highest frequency used. The 
maximum value of ojMg/E' was 0-3 per cent. This 
value was reached at a frequency of 600 cycles per sec. 
and with the conductors spaced far apart (a = 0*1547). 
The error was less at closer spacings and also at lower 
frequencies, and was therefore small enough to be 
neglected. 


The d.c. resistance was measured by potentiometer 
with an accuracy of approximately 0 • 1 per cent. Fig. 2 
shows the actual circuits employed, with the switching 
arrangements to allow the d.c. and a.c. measurements 
to be made in quick succession. The resistances of both 
conductors were measured on direct current and alter¬ 
nating current, and the mean values taken. Since the 
voltage leads from the ends of the two conductors were 
twisted up together, any e.m.f.'s induced in these leads 
by stray magnetic fields were equal. The voltage-drops 
in the two conductors were in opposite directions, and 
consequently the mean value of the two resistance 
measurements eliminated any error due to e.m.f. in 



Fig. 2. 

E = 


^ -Circuits for measuring resistance of conductors with direct and with alternating current 

"rSTstL^eTr ’ I galvanometer; R, = 4-terminal 

over from d.c. to a.c. supply; So =« switch for connectina-changing 
Mr « variable mutual induc&icl; A = ammeteri 

connections to three circuits of a d.c. potentiometer ^ ^2* and P3, indicate 

in the actual lay-out. . putem-iomerer. Ueads shown paraUel and close together were twisted up together 
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the voltage leads. Fig. 2 shows that two mutual in¬ 
ductances were employed to balance the quadrature 
component. The mutual inductance in series with the 
conductors could only be varied in steps, by altering the 
number of primary turns. The mutual inductance in 
the secondary circuit of the current transformer was of 
the continuously variable type and was used for the 


Table 2. 


X 

a 

R'fR, 

computed by 
equation (9) 

R'lR, 

measured ex¬ 
perimentally 

M 

{a} 

(a) 

ib) 

1*708 

0*983 

1*160 

1*160 

1*000 

2*415 

0-983 

1*500 

1*501 

1*001 

2*957 

0-983 

1*869 

1*870 

1*001 

3*413 

0*983 

2 • 222 

2*218 

0-998 

5*033 

0*983 

3*621 

3*602 

0*995 

5*906 

0*983 

4*439 

4*407 

0*993 

6*857 

0*980 

5*327 

5*315 

0*998 

7*668 

0-980 

6*141 

6*139 

1*000 

8-305 

0*983 

6*922 

6*939 

1*002 

1*708' 



1*117 

1*118 

1*000 

2*417 



1*364 

1*367 

1*002 

2*961 



1*630 

1*631 

1*001 

3*420 



1*881 

1*882 

1*001 

5*021 


0*800 

2*794 

2*794 

1*000 

5*929 



3*310 

3*308 

0*999 

6*843 



3*832 

3*826 

0*998 

7 * 649 



4*295 

4*292 

0-999 

8-375, 



4*715 

4*714 

1*000 

1*719^ 



1*062 

1*063 

1*001 

2*430 



1*206 

1*208 

1*002 

2*974 



1*378 

1*378 

1*000 

3*432 



1*552 

1-554 

1*001 

5*031 

>• 

0*4028 

2*189 

2*196 

1*003 

5*901 



2*522 

2*519 

0*999 

6*865 



2*891 

2*890 

1*000 

7*665 



3*198 

3*199 

1*000 

8*371 J 



3*469 

3*468 

1*000 

1*7137 



1*046 

1*047 

1*001 

2*422 



1*164 

1*164 

1*000 

2 * 965 



1*317 

1*318 

1*001 

3*423 



1*476 

1*479 

1*002 

5*027 


0*1647 

2*071 

2*074 

1*001 

5*897 



2*378 

2*381 

1*001 

6*871 



2*725 

2-730 

1*002 

7 * 654 



3*003 

3*007 

1*001 

8*375 J 



3*259 

3*259 

1*000 


fine adjustment. An error was introduced into the 
measurements by the phase defect of this mutual in¬ 
ductance, and this was allowed for by means of a small 
correction. The frequency was measured by means of 
a sonometer similar to that described by A. E. Kennelly 
and C. H. Manneback.*'' 

Measurements of the d.c. and a.c. resistance of these 
rods were made at frequencies from 25 up to 600 cycles 
per sec., corresponding to values of x from 1-7 up to 
8*4, and at a number of different spacings of the con- 

* See Bibliography, (11). 


ductors. The results are given in Table 2, and it may be 
seen that the maximum difference between the calculated 
value of U'lM and the measured value is 0*7 per cent. 
This ma}^ be considered to be satisfactory agreement. 


BIBLIOGRAPHY. 

(1) G. Mie: Annalen der Physik, 1900, vol. 2, p. 201. 

(2) J. W. Nicholson: Philosophical Magazine, 1909, 

vol. 18, p. 417. 

(3) H. L. Curtis : Scientific Papers of the Bureau of 

Standards, 1920, vol. 16, p. 93. 

(4) J. R. : Philosophical Magazine, 1921, vol. 41, 

p. 607. 

{4:a) J, R. Carson: ibid., equations (19) and (34). 

(5) S. Butterworth: Philosophical Transactions of the 

Royal Society, 1921, vol. 222, p. 57. 

{6a) S. Butterworth: ibid., equations (18) and (39). 

(6) H. B. Dwight: Transactions of the American 

1923, vol. 42, p. 850. 

(7) C. Snow : Scientific Papers of the Bureau of Standards, 

1925, vol. 20, p. 277. 

(8) M. J. O. Strutt: Elektrische Nachrichten-Technik, 

1931, vol. 8, p. 269. 

(9) A. E. Kennelly, F. A. Laws, and P. H. Pierce: 

Transactions of the American I.E.E., 1915, vol. 34, 
p. 1953. 

(10) S. Butterworth: Proceedings of the Physical 

Society, 1913, vol. 25, p. 294. 

(11) A. E. Kennelly and C. H. Manneback: Bulletin 

of the Massachusetts Institute of Technology, 1922, 
No. 29. 


APPENDIX 1. 

Evaluation of B'jR when a is greater than 0-92 

AND X IS GREATER THAN 10. 

Let the value of R'fR be given by equation (27), 
namel}^ 


— 

'e 


G 


1 + F{x) -h 


a^G{x) 


1 — a^A{x) ~ a'^B{x) — a^C{x)_ 


(27) 


where (7 is a function to be determined. 
When re 00 , equation (27) becomes 




G. 


X 


CO 


2V2 


1 -f- 


a" 


2 1 


4 




32 




1 9 ^ 


¥ 3 ^ J 


(28) 


where G G^ d,s x co 

From equations (14) and (28) we may write 


1 


G 


00 




1 -i- 


a" 


2 ( 1 


3 


'a^ 


32 


a 


4 


23 


a- 


(29) 


Substituting ^ = (1 — a) into equation (29), and 
expanding, we have 


G. 


00 


-7^(0*1301 -f 2*379 j8 - 7*07^+ 27-0^^ 
VP 

- 103^^ + . . .) 

1 / 13 , 238VP \ . ^ ' 

WoKve I + 3^ approximately 


(30) 
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DUCTORS, 


Now O is usually less than O^, and for values of x 
less than 10, (7 is very nearly equal to unity. As a first 

approximation, therefore, we may write. 


0 = 1 + (C„ - l)(l - 


(31) 


for all values of x above 10. 

This is as far as it is possible to go without a more 
exhaustive analysis of equation (1) of this paper. 
Equation (31) gives finite values for G for all values of a 
except a = 1. In practice, a value of a equal to unity 
could never be attained on account of the necessity of 
insulation between the two conductors, so that this 
limitation is not serious. The accuracy of equation (31) 
cannot be stated, but since it is possible to determine 
three values of R'jB, {a) without applying the correction 
factor, {h) applying the correction factor, and {c) applying 
the correction factor for a; = oo, the degree of uncertainty 
can be gauged to some extent. 

APPENDIX 2. 

Examples. 

Three examples are worked out below to show the 
applications of the formulae. 

(1) To Jihid the value of RfR fov a systefit of go avid yetuvfi 
conductors^ consisting of two \-in, diameter copper 
rods with a separation of ^ in.^ at a frequency of 
50 cycles per sec. Air temperature = 20° C. 

In this case, a ~ f. Resistivity of copper = 1 724 j 
X lO"”® ohm per cm cube. 

• n- ^ 

1 , 

77 X X 2*542 
16 

== 1 360 X 10~2 ohm 
X = 2(314*2/1 360)^ ==0*961 
F{x) = 5 X 0*961^/(960 + 4 X 0*961^) = 0*00443 
G[x) = 11 X 0*9614/(704 + 20 X 0*96l4) = 0*01303 
AM ^ ^ X 0*9614 

= 24 + m + 19 X 0-96H = 

S{x) = 0 
C(x) = 0 


X 0-01303 


B'JR = 1 • 00443 + 


X 0-05121 


1-00443 + 0-00693 
1-0104 


2-2229 

1-3511 

0-6209 


From Table 1 


R'/R = 3-2229 + 


(2) a: = 8-365, a = 0-983. 

0*165 1 

F(x) = 2 • 1648+0 • 0704 X-= 2 • 2229 

0*200 

A. 1 

(?(:c) -1 * 3219 + 0 * 0354 X 1 * 3511 

0*200 

0.165 I*From Table I 

^(a;) = 0-6183-f0-0032x—-= 0-6209 

0-200 

0*165 

B{x) = 0 * 0493 + 0 • 0012 X =0*0503 

C{x)=0 

= 0*9663; a4 = 0*9338 

R'/R = 3-2229 -i - - 

1 — 0-6000 — 0-0470 

= 3-2229 -f 3-6986 = 6-922 

The experimentally-determined figure for this case was 
6-939, showing a difference of 0-2 per cent. 

(3) a: = 100, a = 0-96. 

For these values, equation (9) will be more than 1 per 
cent in error, so that the correction factor must be applied. 

T,, ^ 100 3 

- 2V2 - 4 = 

®<'> - 4V5 - S = 

(7 MO-107) _ 

^ ^ 10 000 


34*6 


JB(x) = 


33 

1 000 


= 0*0907 


C{x) = 0-0435 — 0-0030 = 0-0405 
a2 = 0-9026, a^ = 0-815, a® = 0-631 
/3=0-05 

O . . 238V0-05 x 

" W0-06+ 1 -f 3 X 0-05 - 2 X 0-052/ 

= 1*046 

<7= 1 + 0*046 X 0*9 = 1*041 

^ = 1-041 f35 - 6 -I-__N 

R V ^ 1 — 0-6672 — 0-0739 — 0-0266/ 

= 1-041 X 103-4 = 107-6 
Alternatively, 

103-4 < R'/R <103-4 X 
103-4 < <108-2 

R'/R = 105-8 ± 2-3 per cent 
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TESTS ON THE ELECTRIC AND MAGNETIC PROPERTIES OF 

ALUMINIUM-STEEL CORED CABLE.* 

By J. A. Clegg, M.Sc.(Eng.), Graduate. 

{Paper first received IWh May, and in final form 2nd November, 1934.) 


Summary, 

A theoretical discussion of the electromagnetic properties 
of aluminium-steel cored cables is given, in which the general 
cases of a solid and a stranded cable are discussed and the 
argument is extended to the more complicated case of a com¬ 
posite cable with a magnetic core, showing how the axial hux 
set up in the core by the spiralling of the outer layers will 
cause an increase in a.c. resistance and inductance depending 
on the magnetic properties of the iron and on the aixangement 
of the strands in the cable. 

For the special case when, owing to the spiralling of the two 
outer layers being in opposite directions, the flux in the core 
becomes negligible, the inductance may be calculated from 
the dimensions of the cable and the a.c. resistance from 
the conductivities of the components. 

The experimental work in verification and extension of the 
theoretical anal37sis consisted of the measurement of the d.c. 
and a.c. resistance and inductance, at commercial frequencies, 
of a short length of transmission line, short-circuited at the 
end over a wide range of currents by means of the Gall- 
Tinsley alternating-current potentiometer. 

This instrument was made the basis of an arrangement 
designed to make such measurements a matter of routine, 
while attaining an accuracy of the order ± J per cent. 

Further tests were made to determine the liux existing in 
the steel core by measuring the voltage induced in a search 
coil. 

The results are discussed in the light of the theoretical 
analysis and of American practice, and definite figures are 
established for the British Standard conductors. 


Introduction. 

Any solution of the electrical problems of a trans¬ 
mission line depends on a knowledge of the resistance 
and reactance of the conductor. The constants for all¬ 
copper or all-aluminiuna conductors may be accurately 
calculated from well-known formulae, but the presence 
of a steel core in a steel-reinforced aluminium or copper 
cable afiects these values, so that these formulae are no 
longer exactly applicable. 

When this work was begun there were no British 
Standard figures based upon experimental work, but as 
a result of tests made by Prof. Workf at the Carnegie 
Institute of Technology, Pittsburgh, for the Aluminium 
Company of America, the 60-cycle resistance and re¬ 
actance of the Company *s standard conductors have 
been tabulated and the 25- and 50-cycle figures have been 
deduced, 

* Part of a thesis approved for the Degree of Master of ScieEce (Engineering) 
in the University of London. 

The Papers Committee invite written communications, for consideration 
with a view to publication, on papers published in the Journal without being 
read at a meeting. Communications (except those from abroad) should reach 
the Secretary of the Institution not later than one month after publication of 
the paper to which they relate. 

f W. Nesbit: “ Electrical Characteristics of Transmission Circuits.” 


The British Standard cables are not the same as the 
American, and the only available figures are those given 
by the British Aluminium Co. and B.S.S. No. 216—1926. 
These give the calculated d.c. resistance of steel-reinforced 
aluminium cable to four significant figures, neglecting the 
conductivity of the steel core, which is obviously of the 
order of 1 or more per cent. It was therefore decided 
to measure the electrical constants of a small transmission 
line with as great an accuracy as possible, and so deduce 
from these laboratory tests figures for the resistance and 
inductance of the conductor under commercial conditions 
and for varying frequencies. 

The conductors considered in the paper both have a 
steel core of seven strands of 11-in. diameter wire, one 
having one layer of aluminium wire (12 strands), and the 
other two layers (12 and 18 strands). These are referred 
to as the single-layer and double-layer conductors 
respectively. 

The Electrical and Magnetic Properties of a 

Composite Cable. 

[a] Direct-Current Resistance. 

The direct-current resistance of a composite conductor 
can be calculated from a knowledge of the specific 
resistances of the components and the sizes of the cable, 
by treating the cable as two sections in parallel. This 
assumes that there is good electrical contact between the 
layers at the ends of the conductors. In certain types 
of conductors the steel core is covered with bitumen, so 
that there is no contact between the steel and the 
aluminium, and unless the end clamp makes definite 
contact with the core the conductivity of the steel may 
be neglected. 

In calculating the resistance of any stranded conductor, 
allowance must be made for the fact that the current will 
follow the actual strands owing to the relatively large 
contact resistance between them. This results in an 
increase in resistance, usually amounting to 2 per cent 
for the particular lay '' used in British practice. 

(5) Alternating-Current Resistance. 

The alternating-current resistance may differ from the 
resistance on direct current, for the following reasons:— 

(1) Skin and proximity effects will increase the 
resistance of the conductor. (These effects have been 
shownt to be negligible on the sizes under consideration 
at 50 cycles per sec.) 

(2) A redistribution of current may take place between 
the strands of the. conductor owing to their different 

t Nesbit : loc. oit. 







60 


CLEGG: TESlS ON THE ELECTRIC AND 


impedances on alternating current. (This effect will 

®*ra-nded conductor, and may be assumed 
at commercial frequencies,'^) 

(3) There will be a small increase in resistance of the 
steel core on alternating current, f (As the steel will only 
carry a small fraction of the total current—of the order 

of 5 per cent—the final correction will be small, and will 
not generally exceed 1 per cent.) 

. spiralling of the strands produces a longitu¬ 

dinal flux in the steel core which may be sufficient to 
cause an appreciable iron loss, possibly amounting to 
-0 per cent of the total loss in the case of a single-layer 
Type of conductor. In a 2-layer conductor the “lay” 
IS in opposite directions, so that the ampere-turns of the 

two layers are in opposition and only a small flux exists 
m the core. 


(c) Inductance, 

In this section^ an attempt is made to calculate the 
property under discussion with an accuracy of the same 

order as that obtained in the actual measurements 
namely 0*2 per cent. 

(i) Stranded conductor. — K calculation of the in¬ 
ductance of a stranded conductor has been made by 
Dwight^ who has given results for standard conductors. 
As a result of this analysis it is shown that the eifect of 
stranding may be accounted for by a correction to the 
constant term. In that calculation the following 
assumptions are made. 

(1) That the conductor is so long that the spacing 
and radius are small in comparison. 

(2) That each strand carries the same proportion of 
the total current. (This is not exactly true, as each 
strand may be regarded as being insulated from the 
others, and, as each will have a different reactance due 
to its particular position, the current will distribute itself 
so as to give the same voltage-drop per unit length.) 

(3) That it is permissible to equate the sum of voltage- 
drops in each of the strands divided by the number of 
conductors to 27r/L/, where L is the inductance of the 
whole conductor and I the total current, the voltage- 
drop in each strand being determined from its self- 
inductance and the mutual inductance of the other 
strands, assuming the total current to be equally divided 
between the strands. (This is, of course, an inaccurate 
view, since the voltage-drop per ft. must be the same in 
all the strands and the currents in each of the strands 
will be different. It would be possible to make an 
accurate calculation by equating the voltage-drops and 
calculating the current in each strand, but this would 
involve an impracticably long calculation.) 

(ii) Composite Cable. —The general problem has again 
been discussed by Dwight, § but an attempt is made 
here to calculate the correction. The simple case of a 
solid rod surrounded by an aluminium tube will be con¬ 
sidered, and it will be assumed that the current density 
in each component of the circuit is uniform, neglecting 
skin effect and eddy currents. 

By determining the total energy stored in the magnetic 
field due to the current in the steel and aluminium 


* Nesbit: loc. cit, 

t E. C. Walton: /oMwa/ I.E.E., 1928, voL 66, p. 
t 1-J^^srnission Lme Formulas,” chap. 8. 

§ Ihd., chap. 20. 


portions of the conductor, and equating this value to 
2 LI , where L is the inductance of the circuit and I the 
total current in the conductor, it can be shown that the 
inductance of the composite conductor per cm is 


1 ^ 

iog. —h 


1 






f~r2)q-r^(l 


■^) log, ~+ 


Jcri' 


where d is the distance between the centres of the two 
parallel conductors, is the radius of the steel conductor, 
Tg is the external radius of the conductor, and Jc is the ratio 
of current density in the steel to that in the aluminium. 
When 7c is small this value approximates to the induct¬ 
ance of the aluminium portion of the conductor alone, 
and for practical purposes is sufficiently accurate. 

Thus it is only necessary in calculating the inductance 
of a^ stranded tubular cable to consider the aluminium 
portion, when Dwight’s method may be used, as expressed 

in the usual form 2 log^ ^ + Ic. For the 2-layer cable 




having 30 strands of aluminium, it was found by calcula¬ 
tion that Jc was 0-38; for the single layer of 12 strands 7c 
was 0 • 36. 

The inductance will be increased by the effect of 
longitudinal flux produced by the spiralling of the 
strands, but it will only be possible to determine the 
correction by experiment. The effect of the redistribu¬ 
tion of current due to skin effect will be negligible at 
50 cycles per sec. for the size of conductor used. 

Thus a correction to the constant term in the standard 
formula may be expected as calculated above, and a 
further correction due to the spiralling of the strands may 
be determined by experiment. 


Method of Test, and Arrangement of Apparatus. 

^ The conductor under test was arranged as a short- 
circuited transmission line about 100 ft. long, supported 
at frequent intervals and held under sufficient tension 
to avoid appreciable sag, by non-magnetic clamps, 
provision being made to supply the conductor with 
alternating current up to 600 amperes or direct current 
up to 100 amperes. 

After due consideration it was decided to use the 
Gall—Tinsley co-ordinate alternating-current potentio¬ 
meter to measure the vector voltage and current of the 
transmission line under test, in view of its flexibility 
with regard to frequency and range of current and its 
capability of considerable accuracy. The theory of the 
co-ordinate a.c. potentiometer has been dealt with in 
various places. It consists essentially of balancing the 
unknown potential diflerence against the sum of two 
known variable potential diflerences in quadrature. 
The current in one slide wire is set to a standard value 
by a dynamometer ammeter (calibrated on direct current), 
while a mutual inductance whose primary is in series 
with the other or quadrature’’ slide wire provides a 
link between the two standard voltages j the secondary 
voltage of the latter is balanced against a standard 
setting on the first or in phase” slide wire, the value of 
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the inductance being chosen so that in this condition 
currents of the same magnitude are flowing in the two 
potentiometers. 

In some cases it is not possible to supply two currents 
in quadrature, but it can be shown that if they are 
nearly in quadrature their phase difference may be deter¬ 
mined by balancing the secondary e.m.f. of the standard 
mutual inductance against the two potentiometers by 
assuming in the first place that the two currents are 
exactly in quadrature. This will be a first approxima¬ 
tion, and if necessary the process may be repeated to 
determine more exactly the angle between the potentio¬ 
meter currents or the co-ordinates. The co-ordinates 
having been found, it is a simple matter to determine 
exactly any e.m.f. measured on them. 

The 2-phase supply to the potentiometer was provided 
through two step-down transformers from a 2-phase 
alternator, coupled to a battery-driven motor, whose 
speed was checked by a stroboscopic disc illuminated by 
a neon lamp, fed from a tuning-fork-controlled valve 
oscillator. One phase was used to supply the trans¬ 
mission line, and it was found that by careful attention 
to all moving contacts it was possible to keep the voltage 
variation to within per cent. A Schering-type vibra¬ 
tion galvanometer (screened by a large iron bell-jar from 
stray fields) was used, a particular advantage being its 
insensitivity to harmonics. 

The currents were measured by standard shunts, and 
the voltage was determined either directly or through 
potential dividers, the leads to the instruments being 
twinned to avoid inductive effects. The conductor was 
allowed to attain an even temperature before test, this 
being checked by thermocouples. 

The errors likely to arise in the use of the a.c. potentio¬ 
meter are well known, and it may be accepted that the 
apparatus is capable of the accuracy claimed, given a 
suitably steady supply. 

The voltage and current waves were very nearly 
sinusoidal, but as the a.c. potentiometer only measures 
the value of the fundamental this is not of importance. 
The dynamometer ammeter reads the r.m.s. value of the 
potentiometer current, so that small harmonic content 
will have a considerably reduced effect on the ammeter 
reading. 

Data and Test Results. 

A preliminary test was carried out on a copper con¬ 
ductor whose a.c. resistance could be rigidly calculated 
at 50 cycles per sec. from the d.c. figures, to determine 
whether any stray losses were occurring. A series of 
tests were also made to determine the limits of the 
errors of observation; these were shown to be within 
i 0*25 per cent. A test, made on direct current, to 
determine whether any contact effects were occurring 
due to the direction of the current, gave negative results. 

[a) Double-Layer Conductor, 30/- ll-m. aluminiurn+lj-ll- 
in, steel. 

The resistance per 1 000 ft. of this conductor at 18® C. 
on direct current was 0 • 0466 ohm, and the resistance per 
1 000 ft. at 18® C. on SO-cycle alternating current was 
0*0466 ohm. The figure for alternating current was the 


same on 25, 50, and 100 cycles per sec. It was inde¬ 
pendent of current up to 200 amperes, and of the spacing 
of the conductors. 

The inductance was measured on three spacings— 
6 in., 1ft., and 2 ft.—and for any one spacing was 
independent of frequency and current density. From 
these three sets of tests the value of the constant in the 
standard formula was deduced, giving a mean value of 
0*47. Hence the inductance per cm of double length 

of conductor is 2^2 log^ —\~ 0*47^ 

{b) Single-Layer Conductor, 12/*110-m. aluminium 
4- 7/* 110-m. steel. 


The experimental results were as follows: 


Frequency 

I 

Current 

Resistance per 

1 000 ft. at 20“ C. 

Inductance 

constant 

cycles per sec. 

D.C. 

amperes 

ohm 

0-1180 

Is 

50 

25 

0*1190 

1*75 

50 

50 

0*1195 

1*95 

50 

75 

0*1120 

2*05 

50 

100 

0*1125 

2*15 


The inductance is expressed in the form:— 

Inductance per cm of double length of single-layer 
conductor 

= 2(2 log. ^ + 7f) 

The efiect of a standard support and insulator guard- 
ring was to increase the resistance of 1 000 ft. of the 
conductor by 0 • 0001 ohm and its reactance by 0 • 0001 ohm 
at 50 cycles per sec. 

Conclusions. 

The results of tests on the 2-layer type of conductor 
show that for practical purposes the d.c. resistance, and 
the inductance calculated from the standard formula for 
a solid conductor of the same external diameter, may be 
used. 

Reasonable agreement was obtained between the cal¬ 
culated and measured values, but the theoretical discus¬ 
sion shows that it is necessary to base calculations on the 
actual test figures. 

Larger divergencies from the d.c. resistance and the 
inductance calculated from standard formulae are 
obtained, as expected, for the conductor having a single 
layer of aluminium; but, again, for practical purposes 
these theoretical values may be used. The corrections 
are given in the paper. 

From the tests made it was possible to form an 
opinion as to the advantages of this type of a.c. potentio¬ 
meter and to compare the potentiometer method with the 
wattmeter method for impedance measurement. 

The co-ordinate potentiometer has the advantage over 
the Drysdale type that the phase-shifting transformer 
(whose calibration depends on the input voltages being 
balanced and whose scale cannot be read more accurately 











than to, say, J degree) is avoided and is replaced by a 
mntiial inductance, a much simpler piece of apparatus. 
As the calibration of the potentiometer is effected by 
measuring the open-circuit voltage of the mutual in¬ 
ductance, it is directly dependent on the frequency, which 
must be known to within the limits allowed for test; 
whereas a wider variation may be permitted with the 
Drysdale type. This makes the latter type more suitable 
for a works laboratory. The use of the d 3 mamometer 
for referring the calibration to the standard cell has been 
criticized, but some such artifice is necessary for any a.c. 
potentiometer, and as alternating-current measurements 
are rarely possible within closer limits than ±0*1 per 
cent the error involved is negligible. It may therefore 
be said that for accurate work the co-ordinate potentio¬ 
meter is better, while for routine testing the Drysdale- 
Tinsley potentiometer is more convenient, cheaper, 
slightly easier to operate, and does not require the supply 
frequency to be accurately known. 

The advantages of the potentiometer for impedance 


measurements over the wattmeter method are chiefly: 
(1) It involves no standards other than one resistance 
and potential divider. (2) Its range may be conveniently 
extended by the use of current and potential trans¬ 
formers. (3) It may be used at low power factors and 
low powers without introducing any unknown errors. 
Against this are to be stated the disadvantages of in¬ 
creased cost and initial experiments in setting up the 
apparatus and slightly more involved operation, but in 
the laboratory fitted with an a.c. potentiometer this 
instrument would be used without question for impedance 
measurements, as described in this paper. Current trans¬ 
formers may be constructed employing mumetal, and 
calibrated by the use of only two standard resistances 
on the potentiometer, thus saving reference to outside 
apparatus. 

The work described in this paper was carried out at 
University College, London, under the direction of the 
late Prof. W. C. Clinton. 
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Summary. 

A precis is given of the principal Acts dealing with electricity 
supply and the use of water power; in particular, the Electric 
Power Boards Act, which has been the authority under which 
much of the rural reticulation has been carried out, is reviewed. 
An analysis is given of the various types of authorities con¬ 
trolling the supply. 

Maps illustrate the extent to which the country has been 
reticulated, and the location and size of the principal gener¬ 
ating stations are indicated. 

The capital expenditure involved reaches over 32 million £. 
Graphs allocate the cost between the Government and the 
various supply authorities and show how the system has 
resulted in decreasing costs per unit sold. 

The average annual consumption per consumer for all 
purposes is 1 970 units, and the average price is l*28d., whilst 
for ordinary domestic purposes the consumption is 1 067 units 
per annum and the average price 1 • 143d. 

The figures given are averages compiled from statistics for 
the year ended 31st March, 1933. 


Law Relating to Water Power and Electrical 

Energy. 

The earliest reference to any control of the electric 
supply business is probably contained in the Electric 
Telegraph Act of 1865, which, with its amendments, was 
consolidated in 1875 and was carried forward into " The 
Electric Line Act in 1884. This made provisions and 
conditions relating to the erection of electric lines, both 
for telegra.ph and for electric lighting purposes. An 

Electric Motive Power Act (1896) gave power to the 
Government to make investigation into the possibility 
of utilizing the waterways of the Dominion for the 
purpose of supplying electricity to the gold-mining 
industry, which was an important one in those days. 
Special Acts, of local importance only, passed between 
1890 and 1904 gave powers to various local authorities 
and companies to erect and operate electric power plants. 

The basis of the present extensive development was 
probably established when the Government passed the 
“ Water Power Act, 1903,'' which reserved to Plis 
Majesty, subject to rights lawfully held, the sole right to 
use water in lakes, falls, rivers, or streams, for the purpose 
of generating or storing electricity or other power. It 
also gave to His Majesty the right to grant to any person 
or company the right to use water from any fall, river, 
or stream, to generate electricity for lighting his own 
premises but not for sale to any other person. It also 
authorized the granting to any person or company of the 
right to use water for any agricultural, industrial, or 
manufacturing purpose other than the generation or 
storage of electricity. This Act was amplified by the 
Public Works Amendment Act of 1908, ■which gave the 
Crown the right to grant to any person or corporate body 
licences to use water for the purpose of generating 


electricity, subject to such conditions as might be im¬ 
posed. The principal provisions relating to powers to use 
water for generating electricity and to erect electric lines 
have been consolidated in-Part XIII of the Public Works 
Act, 1928. This contains the following provisions:— 

(a) Certain special powers which the Minister of Public 

Works as representative of the Government may 
be authorized to exercise in order to utilize water 
power and to sell electricity generated therefrom. 

(b) Conditions under which licences may be issued to 

local authorities and others to use water power 
and to sell electricity. 

(c) Authority for the Governor-General to make regu¬ 

lations governing the use and management of any 
work or lines used for generating or conveying 
electricity. 

Subject to the general provisions of this Public Works 
Act, more specific powers are given to municipalities by 
the Municipal Corporations Act, 1920, and to Electric 
Power Boards by the Electric Power Boards Act (con¬ 
solidated 1925) and Amendments. 

The Municipal Corporations Act, 1920, Part XXVI, 
gives to municipalities the right to establish electric light 
works and to supply electricity to consumers within the 
borough, to individuals living outside the borough if the 
consent of the local authority of the district in which such 
person resides is obtained, and to any adjoining local 
authority. 

It does not, however, allow a municipality to supply 
power to any local authority other than one such as has 
a boundary in common with it. In the classification of 
supply authorities given later, the various boroughs 
which are listed as operating independently of Power 
Boards are operating under the provisions of the Muni¬ 
cipal Corporations Act, and of local empowering acts, 
and of licences issued under provisions of the Public 
Works Act. 

The Electric Power Boards Act, consolidated in 1925 
and since amended in 1927 and 1928, has, however, been 
the authority under which the greater part of the recent 
development has been carried out. It is designed to 
provide for the distribution of electricity in a much more 
comprehensive way than was possible under the Muni¬ 
cipal Corporations Act and other Acts previously dealing 
with the matter. 

Being set up for the specific purpose of operating an 
electric supply business, a Power Board has no means of 
diverting any profits made in that business into other 
avenues, as is possible where the electric supply is 
operated by municipalities or other local authorities who 
have other interests which may not be so profitable. 
Profit over and above what is necessary to establish 
legitimate reserves must be returned to the consumer 
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by way of reductions. This is particularly important in 
the Government's general scheme of electricity supply. 
This, from its comprehensive nature, must of necessity 
be highly capitalized in the earlier stages, and as annual 
charges are largely independent of the load a reduction 
in the cost per unit supplied must come very largely from 
the increased consumption of units. Whilst it is not 
suggested that a reduction in the selling price will be 
immediately followed by an increase in consumption, 
there is no question that a reduction in selling price 
gradually results in an increase in consumption. 

The general provisions of the Act are as follows:— 

An Electric Power Board district when constituted may 
consist of areas administered for purposes other than 
electricity supply by one or more local authorities, which 
may be borough councils, county councils, or Town 
Boards. It is generally considered advisable that the 
district areas should include both rural and urban 
districts. The area is first constituted following the 
presentation of a petition to the Governor-General, 
signed by at least 25 per cent of the ratepayers within the 
proposed district. The total area allotted to any one 
Power Board is usually divided into two parts, called the 
District and the Outer Area. The former is the more 
closely settled portion and the portion in which by far 
the greater part of the new reticulation has to be built. 
It may include both urban and rural districts. The 
“ outer area is, as might be inferred from the words, 
generally the more sparsely settled area adjoining the 
Power Board district. These outer areas have no repre¬ 
sentation on the Board and are not liable for any of the 
rates mentioned later. The Board is, however, con¬ 
ditional on obtaining the necessary licence so to do, 
entitled to erect electric lines within such outer areas. 
As loan moneys raised on the security of the original 
rating area cannot be expended in the outer area it is 
of course not very likely, especially in the early stages, 
that lines having to be paid for out of revenue will be 
so erected. Though, generally speaking, the outer area 
is as described above, there are several cases where 
boroughs within the general area of supply have already 
possessed electrical systems of their own but desire to 
take advantage of cheaper supply by purchasing powder 
in bulk from the Board to serve their own reticulation. 
Such boroughs, in some cases, prefer to remain in the 
outer area and retain control of their own system, 
obviating any possibility of becoming liable for rates 
in the Power Board district. 

If the petition so requires, provision may be made for 
the Board to be elected by the District as a whole, but 
otherwise representation of the various parts of the 
district on the Board is based on the valuation and 
population, and election is on the same franchise as is 
usual for the ordinary local-body elections in different 
parts of the District. With the exception of the Chair¬ 
man, who may draw an honorarium not in excess of 
£300 per annum, members are not paid for their services, 
but are allowed the reasonable expenses of travelling to 
meetings. For the year 1933, the total cost representing 
honoraria and members' travelling expenses, etc., 
amounted to £11 000. 

The Board is given fairly wide powers in regard to 
finance. It is authorized to borrow, subject to conditions 


which may be imposed by the Local Government Loans 
Board and the Local Bodies Loans Act, 1926, moneys 
wLich may be necessary to carry out its programme of 
electrical works. 

To provide security for the borrowed capital and to 
provide against the possibility of losses on operation, 
particularly in the earlier years of operation, the Board 
is given various rating powers. Any proposal to raise 
a loan for capital purposes must be approved by a poll of 
ratepayers within the area pledged as security, and must 
be carried by 60 per cent of the voters. 

A. The Board has power to strike and levy a uniform 
special rate over all rateable property in the Board's 

. district, or in such part of it as is specified in the 
loan proposal, as security for interest and sinking 
fund on the loan. 

B. In order to make up any deficiency in the estimated 
revenue and expenditure for the year, the Board may 
either— 

(1) Strike and levy a uniform rate over all rateable 
property in the district sufficient to make good part 
or the whole of such deficiency or 

(2) If part only of such excess is so raised the 
balance may be raised by a separate rate or by 
separate rates on such portions as may be defined 
by Special Order for that purpose. 

(3) Before striking a uniform rate under (1) above— 
A Board may by Special Order determine that pay¬ 
ment of the full amount of such rate may be limited 
to properties to which electricity is available, or which 
are within 10 chains of the Board's distribution lines. 

(4) A Board may from time to time strike a separate 
rate within any defined portion or portions of its 
district. This cannot be made to apply to any area 
in which the local authority or individual is already 
the holder of a licence to distribute or generate 
electricity on its owm behalf. This rate can also be 
made to apply only to such properties as are supplied 
by the Board or are within 10 chains of its lines, and 
any person liable to pay a rate under this section is 
also entitled to receive free of charge for use in his 
property, electricity equivalent in value to the amount 
of such rate paid in that year. 

The Board also has authority to forgo collection of 
rates under this section if it is satisfied that the owner of 
the property is unable to take advantage of the supply of 
electricity with reasonable benefit to himself. 

Except for the purpose of securing loans, the rating 
provisions of the Act have not been used to any con¬ 
siderable extent by Power Boards. In no case has it 
been necessary to utilize the powers under Section A 
above, that is, to collect the rate pledged as security 
for the loan. 

Kates to the value of £675 968 have been collected 
under (1), (2), and (3) of Section B, £457 707 of this amount 
by one Board. £49 997 has been collected under Section 
B (4), generally known as the “ availability rate." This 
particular method of rating has been used in one or two 
cases as a means of forcing ratepayers to become con¬ 
sumers of electricity, and its value for this purpose falls 
away as ratepayers within the reticulated area become 
consumers. 
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Of the total of £625 966 that has so far been collected 
in rates, £552 144- has been collected by Power Boards 
which are operating independently of the Government 
supply, and £73 822 by Boards deriving power in bulk 
from the Government. 

As reticulation systems such as those constructed must 
be designed to provide not only for present needs but 
also to a considerable extent for future requirements, 
they should not be expected to earn invariably sufficient 
revenue in earlier years to meet all expenses of operation 
and capital charges. This is, of course, usual in any 
initially highly-capitalized business, and provision has 
been made to allow Boards to capitalize interest charges 
during construction and to carry forward losses over a 
period of years to be repaid out of future profits. 

To enable this to be done. Boards are authorized by 
Section 70 of the Act to borrow by way of overdraft, 
but the amount owing under this authority must not 
exceed a certain proportion of the capital expenditure. 
This proportion is 3 per cent at the end of the first year, 
but increases by steps to 7 per cent by the end of the 
fourth year; thereafter it must be gradually reduced and 
the amount must be completely repaid by the end of the 
eighth year. 

Subject to the conditions of the Public Works Act, 
mentioned earlier, and to a certain amount of Govern¬ 
ment supervision, the Power Boards are authorized to 
erect generating works and transmission systems, pur¬ 
chase or sell electricity, enter into contracts with public 
authorities or individuals for the supply of power, and 
generally to do practically all things necessary for, or 
incidental to, the business of supplying electricity. 

The Governor-General is empowered at any time, upon 
giving 12 months' notice, to purchase the works of a 
Power Board at a price to be settled by arbitration. This 
power has not yet been exercised. 

The actual location of the various Power Board areas 
is shown by the areas enclosed within dotted lines in 
Figs. 1 and 2. 

Where supply is taken from one of the main Govern¬ 
ment schemes the area allotted to any one Power Board 
is usually such that it can be economically reticulated 
from one main substation or point of supply, and may be 
700 to 800 square miles in extent. Areas of similar size 
are usual also where supply is from a power plant owned 
by some local authority. When the movement for this 
system of control first began, maps were prepared divid¬ 
ing the whole Dominion into 55 such areas. In the main, 
this subdivision has been adhered to, though local arid 
other interests have necessitated departures from it in 
some cases. Altogether, 45 of the originally proposed 
Boards have been actually constituted and 40 of them 
are functioning as supply authorities. 

Power Boards'Association, 

Since 1920, the various Power Boards have joined into 
an Association which holds annual meetings to discuss 
problems in which they are interested, and to bring 
before the Government proposals for amendment of laws 
or regulations which they consider might be to their 
advantage. At first, this Association was limited to 
members of Power Boards, but it has since been extended 
to include members of other types of supply authorities. 

VoL. 77. 


In 1930 the Electric Power Boards and Supply Authori¬ 
ties Association Act" gave the Association legal status 
as a corporate body. 

Local Government Loans Board Act, 

Legislation in 1926 constituted a Board known as the 
Local Government Loans Board, whose special function 
it is to control the borrowings of local authorities. The 
consent of this Board has now to be obtained before 
any loan is submitted to the ratepayers. Before authoriz¬ 
ing the loan the Board obtains reports from competent 
authorities on the necessity for the loan, the suitability 
of the works proposed, the extent to which other 
means of supplying the need are available, the financial 
prospects, and any other relevant considerations. In 
practically no case now are lines being built or extended 
into areas unless sufficient revenue is in sight to provide 
a reasonable return on the investment. In many cases 
the Loans Board is insisting on a guaranteed revenue 
equal to 17 per cent of the capital cost being available 
before authorizing loans for extension purposes. 

Registration of Electrical Wiremen, 

The comparatively rapid growth of electrical develop¬ 
ment in the past 10 years has necessitated the employ¬ 
ment of an increased number of men on electrical installa¬ 
tion work, and as there is considerable variation in the 
qualifications of the workmen there has been correspond¬ 
ing variation in the quality of the work performed. In 
industry of any magnitude, the operations of men engaged 
on installation work could probably be quite well looked 
after by skilled stafi, but in ordinary house wiring in 
particular the owner or ordinary small building contractor 
might be quite incompetent to judge whether the work for 
which he was paying was being carried out in a skilled and 
proper manner. For some time certain of the individual 
supply authorities in the Dominion had had systems of 
registration of electrical workers in their own areas, but 
with work going on in so many places there were indica¬ 
tions that men who had been found guilty of bad work¬ 
manship in one locality moved ofi to another and there 
carried on similar practices. 

To meet this difficulty, and to provide generally for 
raising the standard of wiring work, the Electrical 
Wiremen's Registration Act " was passed by Parliament 
in 1925, and came into operation on the 1st April, 1926. 

The Act is administered by a Board of five members 
called the “ Wiremen's Registration Board." The Chief 
Electrical Engineer of the Public Works Department is 
Chairman and is assisted by four other members ap¬ 
pointed for periods of three years and nominated by the 
electrical supply authorities, the electrical contractors, 
the Council of the Fire Underwriters' Association, and 
the Electrical Workers'Union, respectively. 

Since the Act came into operation 3 300 men have 
been registered as electrical wiremen, and 405^ as in¬ 
spectors of electrical wiring. Limited registration has 
been granted in 330 cases. 

The cost of administration is met in the main by 
registration and examination fees, and the balance of 
about £1 000 to £1 200 per year is met by a levy on 
electrical supply authorities on a basis rata to annual 
revenue. 

^ ' ' , .5 ; 
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Regulations. this purpose is the Public Works Department, which thus 

As mentioned earlier, the Public Works Act, 1928, acts in a somewhat dual capacity. It is, itself, the largest 

gives to the Governor-General the right to make regula- supply authority in the Dominion, and, as such, is subject 

tions governing the use and management of electric lines to the same regulations as govern other authorities. In 

and works. The executive Government Department for another capacity it is also required to exercise regulatory 










.control over all otlier supply authorities and over 
electrical works generally. 

The actual regulations are drawn up for submission to 
the Executive Council of the Government by an Honorary 
Committee representative of various electrical interests. 
The author, as Chief Electrical Engineer of the Public 
Works Department, is Chairman, and there are also one 
other member and the Secretary representing that Depart¬ 
ment, two members representing the electric supply 
authorities, one each representing the Post and Telegraph 
Department and the Railways Department, the principal 
Government Departments other than Public Works which 
are interested in electricity supply, and one each repre¬ 
senting the electrical traders and the electrical workers. 

All regulations for wiring are generally based on the 
regulations issued from time to time by the Institution 
of Electrical Engineers, modified and amplified where 
necessary to suit New Zealand conditions. Inspection 
in general is carried out by inspectors appointed by the 
supply authorities in conformity with the Wiremen’s 
Registration Act. In addition, the Public Works De¬ 
partment of the Government has a small inspection 
staff w^hose main function is to carry out periodic 
inspections of the electric lines and plant belonging to 
the various supply authorities, and to make occasional 
inspections of household wiring work in different areas 
to see that the detailed work of wiring inspection is being 
carried out in a reasonably uniform manner in all parts 
of the Dominion. 

Controlling Authorities. 

Although purchase of power in bulk from the Govern¬ 
ment and reticulation by Power Boards in both urban 
and rural districts, as described earlier, may be regarded 
as the standard system, it is by no means the only one. 
Supply authorities might be classified into seven groups, 
each representing a different system of control, as shown 
in Table 1. 

Class A '' in the Table represents what might be 
called the " standard system of power generated by the 
Government and supplied to the actual consumers by a 
Power Board. 

ClassB ” departs from Class ‘‘ A ” only in that in some 
cases the Power Board sells part of its supply to existing 
local authorities for distribution to the actual consumers. 

Classes C and “ D correspond to Classes “ K” 
and “ B except that the generating works in these 
classes are not owned by the Government. 

Class “ E'' includes authorities other than Government 
Departments or Power Boards, which, to some extent, 
exercise the functions of Power Boards in supplying 
electricity in special licensed areas outside the area con¬ 
trolled for ordinary municipal (or business) purposes. 
They differ essentially from Power Boards in that the 
outside areas have no representation in the control of 
the undertaking, and in that they have no power to levy 
rates outside their own municipal boundaries. The Class 
includes eight authorities, ail of which, with the excep¬ 
tion of Christchurch, generate their own power. Christ¬ 
church purchases power from the Government. In 
addition, Dunedin City has contracted to take, and New 
Plymouth Borough now takes, part of its supply from 
the Government system. 


Class represents eleven supply authorities in which 
it could be claimed that the Government itself has de¬ 
parted from the principle of Power Board legislation by 
giving supply direct to authorities other than a Power 
Board. Of the eleven authorities listed, seven are in the 
Christchurch area, where Government supply was avail¬ 
able before the Power Board legislation was in existence. 
Though the Power Board movement is extending slowly 
in Canterbury, it has not been found possible, so far, to 
persuade any of these seven authorities to join up into 
Power Board areas. 

Of the others, Dunedin and New Plymouth, which are 
also in Class " E,'’ take or have contracted to take a por¬ 
tion only of supply from the Government so as to obviate 
duplication of capital expenditure on additional gener¬ 
ating works. 

Wellington, although its activities are confined to the 
ordinary municipal area, has never been included in any 
Power Board area, as it is somewhat cut oil physically 
from the adjoining Hutt Valley, which, in any case, is 
sufficiently large to function quite efficiently as a separate 
Power Board area. 

The remaining Borough of Hamilton was omitted from 
the Central Waikato Power Board to which it might have 
been joined, when the Waikato Boards were being set up 
in the early days of Power Board legislation. 

Extent of Development. 

The two maps, of the North and South Islands 
respectively (Figs. 1 and 2), show the main generating 
plants, and the transmission and distribution lines at 
voltages from 6 600 volts upwards, and give a general 
view of the extent to which supply has been made 
available throughout the Dominion. 

As lines at lower voltage than those shown will not 
radiate very far from these lines, the areas enclosed by 
joining up their extremities give a very close repre¬ 
sentation of the total area of the country that has been 
reticulated and in which electricity is being fairly 
generally utilized. 

The first impression gathered from a glance at these 
maps would probably be that the electrical development 
scheme has not proceeded very far. There is still a very 
large proportion of blank space. The total area of the 
Dominion is about 103 000 square miles, and of this area 
about 10 250 square miles in the South Island and 10 930 
miles in the North Island may be regarded as being 
within reticulated areas. In other words, electricity is 
available in about 21 180 square miles, or in slightly o ver 
20 per cent of the total area. Of the 10 930 square miles 
reticulated in the North Island 10 280 are connected to 
the Government system, and only 650 are supplied from 
other authorities* generating plants. In the South 
Island, on the other hand, the Government system 
supplies only 4 640 square miles, whilst other authorities 
supply 5 610 square miles. Contracts have been entered 
into, however, by which 990 square miles of this ai'ea 
will receive part at least of the supply from the 
Government. 

Wffien, however, the nature of the country in most of 
these blank white spaces on the maps is considered, the 
position appears in a totally different light. The blank 
spaces are very largely mountainous, or areas in which, 
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Table 1. 





Power Boards 

Included Boroughs 
and Towm Districts 
operated by Power 
Boards 

Boroughs and Town Districts 
operating own districts 

Class 

General description 

Number 

(1) 

Population, 
inclusive 
of Boroughs 
and Town 
Districts 
scheduled 
in Col. (4) 

(2) 

Capital 
investment 
(exclusive of 
Government) 

(3) 

Number 

Population 

<5) 

Number 

(6) 

Population 

^ (7) 

Capital 
investment 
(exclusive of 
! Government) 

<8) 

A 

Power Board in control of 
whole supply and using 
Government power 

19 

520 246 

£7 605 041 

67 

326 750 


— 


B 

Power Board selling Govern¬ 
ment power in bulk to other 
supply authorities 

9 

189 858 

£2 836 893 

22 

57 540 : 

14 

92 628 

£835 204 

C 

Similar to '' A ” but not using 
Government power 

7 

44 718 

£891 470 

17 

21 700 

“ ' ... 

■ 

... 

D 

Similar to B but not using 
Government power 

6 

93 455 

£2 663 894 

16 

20 660 

11 

48 940 

£581 443 


Supply authorities (other than 
Power Boards) with ex¬ 
tended areas of supply 

Nil 


1 

1 



[a) 8 

229 380 

£3 481 044 

F* 

Supply authorities (other than 
Power Boards) supplied 
direct by Government 

Nil 




i 

(6) 10 

365 210 

£4 403 796 

G 

Isolated authorities 

1 


""""" ' 

. ■■ 

1 ‘ 

■nrm.i mm 

(c) 11 

19 358 

£204 387 


* The electric supply systems at Christchurch, Dunedin, and New Plymouth (population 208 000, capital investment £2 961 100), are included under both “ E ” 
and " F.” 

(fl) Includes two private companies. (b) Includes two county councils. (c) Includes three county councils and two private companies. 

For further particulars, including names, population, and capital investment in the various Power Board areas, and included borough and town board areas, 
see Appendix. ' 


for some reason or other, population is sparse. Statistical 
figures, however, place a very different complexion on 
the matter. Electric supply is available to about 93 per 
cent of the total population, and each unit of population 
within the reticulated area has used, on the average, 
452 units of electricity during the year under considera¬ 
tion and ending on the 31st March, 1933. 



Consumption per head. 

Fig. 3 shows the way in which the consumption per 
head within the reticulated area has been increasing 
since 1920. 

The Power Supply. 

The principal generating stations, transmission lines, 
and substations, are shown on the maps. For the North 


Island the principal sources of supply are the Government 
water-power stations at Mangahao, Arapuni, Horahora, 
and Waikaremoana. It is not proposed to describe these 
in any detail. The capacities are as follows:— 

Mangahao, on the river of that name, is of 19 200 kW 
capacity, operates on a head of 875 ft., generates at 
11 000 volts, and steps up to 110 000 volts for 
transmission. 

Arapuni, on the Waikato River, has a present capacity 
of 60 000 kW but is capable of extension to 
120 000 kW. It operates on a head of 175 ft., 
generates at 11 000 volts, and steps up for transmis¬ 
sion at 110 000 volts, and is also connected at 
50 000 volts with the Florahora station 6 miles away 
on the same river. 

Horahora has a capacity of 10 600 kW, generates at 
5 000 volts, and steps up to 50 000 volts for trans¬ 
mission, This station was built originally in about 
1913 with a capacity of 6 300 kW by the Waihi 
Gold Mining Co. for power supply to its mine and 
battery, which still use about 3 000 kW of the out¬ 
put. It was purchased by the Government in 1919, 
and its capacity was increased by 4 000 kW shortly 
afterwards. 

Waikaremoana, on the Waikaretaheke River, the outlet 
of Lake Waikaremoana, has a present capacity of 
32 000 kW. This is capable of extension to 
120 000 kW, partly in the present station and partly 
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in two further stations short distances above and 
below the present one. It generates at 11 000 volts 
and steps up to 60 000 and to 110 000 volts for 
transmission. 

At present, the 110 000-volt transmission systems 
radiating from Mangahao and from Waikaremoana are 
interconnected; a further line at this voltage is near¬ 
ing completion and will interconnect this system, which 
serves the southern part of the island, with the Arapuni- 
Horahora system, which serv^es the more northern half 
of the island. This line will probably be completed by 
the time this paper is published, and it is therefore 
shown on the map {between Arapuni and the Stratford 
substation). 

Further plans provide for another interconnecting link 
between Waikaremoana and Arapuni by the direct route 
via Rotorua. They provide also for an extension of the 
present 50 000-volt line, which serves the Waitemata 
Power Board, from the Henderson substation to North 
Auckland, where it will interconnect with a system at 
present supplied from a water-power and steam plant 
belonging to Wilson’s (N.Z.) Portland Cement Co. 

In the South Island the principal sources of supply are 
the following water-power stations:— 

The Government power station at Lake Coleridge, 
which first went into operation in 1915, and now has a 
capacity of 34 500 kW. It generates at 6 600 volts and 
steps up for transmission to 66 000 volts. 

The Waipori power station belongs to the Dunedin 
City Corporation and has a capacity of 17 000 kW. 
Generation is at 5 000 volts and the voltage is stepped 
up to 33 000 for transmission. 

The Lake Monowai plant of the Southland Electric 
Power Board has a capacity of 6 000 kW, generates at 
6 600 volts, and steps up for transmission to 66 000 volts. 

The New Zealand Government has under construction 
a further water-power plant on the Waitaki River, where 
the initial installation will be of 30 000 kW capacity. It 
will generate at 11 000 volts and step up to 110 000 volts. 
It will be interconnected at Glenavy with the Lake 
Coleridge system to the north and with the Dunedin 
system to the south. 

The West Coast, Marlborough, and Nelson areas are 
supplied by other smaller plants not interconnected in 
any way with the general system. 

Wherever generating plants were in existence prior to 
the advent of Government power into an area, these 
plants, if at all economical, have been interconnected 
with the general system, and have become available for 
stand-by purposes, peak-load reducing, or such other 
purpose as the nature of the contract with the owners 
would permit. 

Of the total power generated in the Dominion for the 
year ended 31st March, 1933, 96*3 per cent (798417321 
units) was generated in the first 26 plants, which may be 
considered to represent the basic supply stations. Of the 
remainder, 3*2 per cent (26 537 572 units) was generated 
in the plants numbered (27) to (40) mainly for stand-by, 
peak-reduction, or other special circumstances, whilst the 
remainder of 0*5 per cent (4,329 878 units) was generated 
in various other smaller plants in the main supplying more 
or less isolated communities. 


Types of Generating Plant. 

Fig. 4 shows the number of public-supply generating 
plants of various kinds in operation as main sources 
of supply over the past 13 years. The number of water¬ 
power plants has remained fairly constant at about 30. 
Gas-driven plants were next in favour about 10 years ago, 



Fig. 4.—Number of public supply power stations, 

1920-1933. 


but in more recent years the numbers have fallen away 
from a maximum of 22 in 1922 to only 2 at the present 
time. So, also, steam plants which reached a maximum 
of 10 in 1922 have gradually declined in numbers until at 
present there is only one (in Nelson) which furnishes the 
main supply. A number, of course, are still maintained 
for stand-by or emergency purposes. The chief of these 
are the King’s Wharf plant of the Auckland Power Board 
(41 600 kVA) and the Evans Bay Plant of the Wellington 
City Council (7 650 kVA). 

The number of oil-driven plants has never exceeded 
3, but has varied between 2 and 3 over the period. 

Sizes of Generating Plants of different types. 

Fig. 5 gives some idea of the magnitude of these plants. 
The water and steam plants are much the larger in size, 
and the vertical scale of these two on the graph is 50 times 
greater than for the oil and gas plants. 
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Fig. 5.—Capacity of public supply power stations, 

1920-1933. 

Extent of Generation hy different types. 

Of the total units generated during the year 
(829 284 771), 79-6 per cent (660 361 548) were generated 
in the Government-owned stations, and a further 1 • 4 per¬ 
cent (11 869 315) in stations controlled by the Govern¬ 
ment but owned and operated by the local authority. 
Looked at in still another way, 98*4 per cent of the total 
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units were generated by means of water power and only 
1 • 6 per cent by other means. 

As further illustrating the extent to which Government 


and power generated elsewhere, wholly in 54 cases and 
partly in 8 cases. The boroughs, of course, are practically 
the only places in which power was available before the 



Table 2. —Summary of Generating Plants over 2B(}kVA Capacity. 


Tyve 



(1) Arapuni.. 

(2) Horahora 

(3) Waikaremoana. 

(4) Mangahao 

(6) Lake Coleridge. 

(6) Hawera .. 

(7) New Plymouth. 

(8) Waipori 

(9) McLarens Falls'! 

( 10 ) Omanawa J 

(11) Opunake 

(12) Tariki . . 

(13) Taumarunui 

(14) Ohakune 

(15) Arnold River . 

(16) Nelson . . 

(17) Raetihi .. 

(18) Wairua Falls . 

(19) Golden Bay 

(20) Kanieri .. 

(21) Teviot .. 

(22) Waihopai 

(23) Wairere Falls . 

(24) Kumara.. 

(25) Westport 

(26) Lake Monowai . 


(27) Penrose . . 

(28) Huntly .. 

(29) Lyttelton 

(30) King's Wharf 

(31) Christchurch 

(32) Okere .. 

(33) Evans Bay 

(34) Hastings 
(3^ Napier . . 

(36) Palmerston 

(37) Poverty Bay 

(38) Kourarau 

(39) Wanganui 

(40) Invercargill 


Water 

Water 

Water 

Water 

Water 


New Zealand Government 
New Zealand Government 
New Zealand Government 
New Zealand Government 
New Zealand Government 


Water and oil South Taranaki Power Board 


Water and oil Borough Council 


Water, oil, 
and steam 


Water 

Water 

Water 

Water 

Water 

Water 

Steam 

Water 

Water 

Water 

Water 

Water 


Dunedin City 


Tauranga Borough 

Opunake Power Board 
Taranaki Power Board 
Borough Council 
Borough Council 
Grey Power Board 
City Council 
Borough Council 
Portland Cement Co. 
Golden Bay Power Board 
Kanieri Elec. Co. 

Teviot Power Board 


Water and oil Marlborough Power Board 


Water 

Water 

Water 

Water 


Wairere Power Board 
Westland Power Co. 
Westport Borough 
Southland Power Board 


Capacity 


kVA 

72 000 
12 860 
41 000 
24 000 
40 580 
615' 
605. 

4 700 ■ 
300. 
23 125' 
860 

2 340 

3 500' 
800 ^ 
435 ^ 

3 600 
500 
261 

3 600 

1 561 
470 

2 500 
250 
920 
750 

1 250 
570 
480 

1 120 
250 

7 050 


In addition to the above, the following plants are available when required. 


Units generated, 
1932-33 


222 253 140 
55 111 780 
199 113 298 
40 805 060 
119 915 190 

1 428 480 
12 048 169 

62 360 570 

11 919 956 

1 562 200 
10 558 200 

872 555 
259 600 
6 438 117 

2 145 040 
492 430 

8 519 750 
633 860 

4 625 700 

3 905 142 

5 654 750 

1 307 290 
1 193 300 
697 844 
24 595 900 


Diesel 

New Zealand Government 

3 900 

255 200 

Steam 

New Zealand Government 

1 500 

462 000 

Diesel 

New Zealand Government 

6 000 

12 891 290 

Steam 

Auckland Power Board 

41 600 

9 654 590 

Steam 

City Council 

400 

nil 

Water and oil 

Tourist Dept., Rotorua 

2001 
187 J 

403 473 

Steam 

Wellington City Council 

7 660 

101 427 

Oil 

Borough Council 

1 175 

17 440 

Oil 

Borough Council 

400 

129 

Gas 

City Council 

1 350 

467 362 

Oil 

Poverty Bay Power Board 

1 500 

46 952 

Water 

Wairarapa Power Board 

837 

2 304 725 

Steam . 

Wanganui-Rangitikei Power Board 

1 660 

28 884 

Steam 

City Council 

■ ■■S', 

2 460 

4 100 


power is becoming the predominating feature in electricity 
supply, it might be mentioned that of boroughs or town 
board areas in which electricity is available, Government 
power is used wholly in 109 cases and partly in 8 cases, 


advent of Government supply. In rural areas the pre¬ 
dominance of Government power would be even more 
marked. 

In the same way as generation by the Government is 
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the principal means of supply, so the more or less standard 
system of distribution by Power Boards is becoming the 
principal means of distribution; of the 171 boroughs and 
town districts in which power is available, the whole 
reticulation is controlled by Power Boards in 122 cases 
and retained by the ordinary municipal local authority 
in only 25 cases in Power Board areas, and in 18 cases 
in other areas. 

Charges for Bulk Supply, 

Power is sold by the Public Works Department in 
bulk to supply authorities, generally on a maximum- 
demand rate. The rate is practically the same, irre- 
spective of distance from the power stations, but varies 
somewhat with the extent of the load. The more or 
less standard charge is £2 10s. per kVA of maximum 
demand per quarter for the first 200 kVA of maximum 
demand, £2 per kVA per quarter for the next 4 800 kVA, 
£1 15s. per kVA for the next 15 000 kVA, and £1 6s. 3d. 
per kVA per quarter for all over 20 000 kVA of maximum 
demand per quarter. At this price, power is delivered 
to the supply authority at 11 000 volts, 3-phase, 50 cycles, 
from one of the Government substations, which are 
generally located somewhere convenient to the centre of 
the supply authority's district. In the case of the 
Auckland Power Board, supply is given at 22 000 volts. 

There are some modifications, particularly in places 
where the supply authority previously possessed a 
generating plant of its own. The Government has not 
taken any steps to compel the closing-down of these 
plants, but has endeavoured to modify the standard 
supply rate to an extent sufficient to secure practically 
the whole of the load. On a system where the basic 
system of charging is on a maximum demand these 
generating plants sometimes attain a value as a means 
of peak-reducing which is not altogether in keeping 
with the value they would have if they were required to 
carry the whole load. It is very difficult to assess the 
value equitably as between the Government and the 
owner. When the general system of supply becomes 
available it is perhaps reasonable that the capital which 
the owner has invested in these local plants should be 
protected. It is not, however, reasonable that this 
capital should be fully protected and that at the same 
time the owner should get full advantage of the Govern¬ 
ment supply whilst not conforming completely to the 
policy which has made that supply possible. 

Factors that need consideration are— 


{&) The extent to which it could be used to reduce 
peaks, and the consequent saving in cost to the 
supply authority (purchasing on the maximum- 
demand rate) and reduction in revenue to the 
Government by such use. 

(/) The remaining resultant total cost to the supply 
authority of the total power used by it, after 
paying for Government power plus capital 
charges on its own plant or part thereof. 

Capital Expenditure. 

The total capital invested by public supply authorities 
on the 31st March, 1933, was £32 546 205; of this, 
£12 046 552 represents expenditure by the Government, 
and £20 499 653 by various supply authorities. The rate 
of expenditure for the past 12 years is shown in Fig. 6. 

A portion of the total represents capital spent on works 



Fig. 6.—^Total capital invested, 1920-1933. 


still under construction but not yet operating. This is 
of considerable importance in connection with the Govern¬ 
ment portion of the total; the latter is mainly concerned 
with generation, transmission, and main substations, 
which may be several years under construction before 
reaching the stage at which they can be used. With the 
supply authorities, where capital is mainly spent on distri¬ 
bution lines which normally come into operation practi¬ 
cally within the year in which the capital is spent, the 
difference between total capital and capital in operation 
is not so large or of such importance. Under the Govern¬ 
ment scheme of accounting, interest on works under 
construction is capitalized until such time as the work goes 
into operation. The drop in the line representing operating 
capital in the graph during the years 1931 and 1932 needs 
some explanation. It is due to the fact that the Arapuni 
power plant, after operating for a period of a little over a 
year, was forced to go out of action for a further period 
of nearly two years whilst repairs to a section of the 


(а) The value of the plant to the general system as an 

insurance against interruption to supply or 
shortage of power. It may have capacity in 
excess of the owner’s own requirements, at least 
during certain periods of the day or year. 

(б) The special value of the plant to the supply 

authority as insurance against interruption in its 
own supply from the Government. 

(c) The degree to which the plant has been, or should 

have been, vrritten off by reason of its having 
been rendered obsolescent by the scheme of 
general supply. 

(d) The cost of operation of the plant apart from capital 

charges. 
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head-race were being executed. During that period, 
capital charges on the headworks and such portions as 
were not capable of being used, were again capitalized. 

Earning Capacity of Government Scheme. 

The percentage of total operating capital at the end of 
each year available to pay interest, depreciation, and 
sinking fund, on the combined Government schemes, 
after pa 3 nng operating and maintenance charges, is shown 
in Fig. 7. 

The result may be summarized up to the 31st March, 
1933, by stating that since the inception of Govern¬ 
ment supply in 1915 the various schemes have paid 
all operating charges and interest on money borrowed, 
and have, in addition, been able to place £339 983 
to the credit of a depreciation fund, £284 533 to the 
credit of the sinking fund, and £195 475 to a general 
reserve. 

Reliable statistics over a period of years relating to 
other supply authorities are not available, but judging 
by results that are available over the i^ast three or four 
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Fig. 7.—^Percentage earned on operating capital (1915-1933) 
after paying net operating expenses. 

years there can be no question that on the average the 
business has been a highly profitable one. This is 
particularly applicable to the main cities. 

For the past year alone, electricity supply undertak¬ 
ings, other than the Government, as a whole, paid all 
operating costs, paid.7*18 per cent on all capital, and 
provided a surplus of £295 000. 

This capital expenditure must, however, be looked at 
from other points of view. Considered by itself, it 
appears to have gone ahead by leaps and bounds without 
much reason. 

Capital per Consumer. 

Fig. 8 shows the capital expenditure in pounds sterling 
per consumer, and indicates that the rate of increase, 
although still considerable, is not nearly so great as in 
the graph of total capital expenditure, and is, moreover, 
increasing only at a reducing rate, particularly in the case 
of the supply authorities. 

Considered again in terms of pounds of capital expendi¬ 
ture per pound of revenue, it will be seen that, although 
for a few years from 1921 to 1926 there was a slight 
increase in capital expenditure, since that date the capital 


per £ of revenue shows little increase and will probably 
gradually decrease in the future. 

The increase in capital outlay per consumer is, in the 
main, due to the very much larger proportion of country 
area supplied, and partly to the increasing demand per 
head, and also largely to the fact that many parts of the 
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Fig. 8.—Capital outlay, 1920-1933. 

system are in excess of present requirements so that con¬ 
siderable increments of load can be met with compara¬ 
tively small increase in cost. 

Consumers per Mile, and Revenue per Consumer. 

Fig. 9 shows the number of consumers per mile of line 
and the average revenue per consumer. This indicates 
how, with the reticulation spreading out into the country 
districts during the years 1920 to 1926, the number of 
consumers per mile fell rapidly from 32 to the pre.sent 
figure of 15. In spite of this it will be found in a later 



YEAR 

Fig. 9.—Consumers route mile of line, and average 

revenue per consumer, 1920-1933. 

diagram that, following a temporary rise in the average 
revenue and cost per unit, these averages have now come 
down below those holding in 1920. 

The average revenue per consumer has shown a slight 
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tendency to vary from £10 up to £12 and down again 
to £11 in the last two years of depression. 

Revenue per Mile of Line. 

In the same way as the consumers per mile of line 
dropped away as Power Boards with rural reticulation 
came into operation, so also the revenue per mile also 
fell away (see Fig. 10). In 1921 there were only 2 570 
route miles of line in operation, supplying, of course, 
mainly urban and suburban districts. This gradually 
increased to 6 011 miles by 1925, and then quickly 
increased to 12 454 by the end of the next year, when a 
number of the Power Boards supplied by the Mangahao 
system, and also additional ones in Waikato and Canter¬ 
bury, came into operation. During more recent years 
the mileage of lines has been steadily increasing until 
it is now 20 585. In 1921 each mile of line earned a 
revenue of £260; this gradually decreased to £240 per 


and on the other side 

Malvern Power Board.. £39 per mile for 182 miles. 

Ashburton Power Board £49 ,, ,, 870 „ 

Southland Power Board £49 ,, ,, 2 395 ,, 

Wairere Power Board.. £44 ,, ,, 112 ,, 

Costs and Revemie on a Unit Basis. 

More assuring still, however, is Fig. 11, which shows 
the annual capital costs, annual working costs, and 
average revenue per unit sold. 

The revenue shown is the average revenue per unit 
from retail sales to the actual consumer, and excludes 
all revenue from wholesale sales to other supply 
authorities for resale. 

The full lines represent the total cost and total revenue, 
and also the total capital cost per unit and total working 
cost per unit, being the sum of the costs of the Govern¬ 
ment and supply authorities whose individual costs are 
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Fig. 10.—Revenue per mile of line, 1921-1933. 

mile in 1925, and then fell suddenly to only £156 per 
mile in 1926, following the big increase in operating mile¬ 
age during that year. As these lines gradually became 
loaded, the revenue gradually crept up to about £180 per 
mile, although the average revenue per unit was gradually 
falling all the time. More recent years show a fairly 
constant revenue per mile at about that figure. There 
has been a slight drop during the past two years, due 
partly to decreased revenue per unit with falling prices 
and partly to decreased demand owing to prevailing 
conditions. 

The above are average figures and are compiled from 
very variable returns from different supply authorities. 
Some of the urban areas are able to show very much 
liigher figures, whilst those for some of the rural areas 
are very considerably lower. For example, the follow¬ 
ing figures might be quoted 

Christchurch .. £645 per mile for 322-5 miles. 

Palmerston North .. £695 „ ,, 81-5 

Napier .. .. £1177 „ „ 36 

Wellington ., .. £1 020 „ ,, 306 



Fig. 11,—Relation between revenue and cost per unit 

sold, 1920-1933. 

represented by the lighter lines, and the dotted lines 
respectively, on the same diagram. 

It will be noted that the capital costs per unit show 
a considerable increase between 1921 and 1926, as was 
shown in the capital cost per consumer, and as was 
suggested by the graph of consumers per mile. The 
operating costs, however, show a decided reduction, 
almost continuously from 1921 to 1932. As a result, 
although from 1921 to 1926 it was necessary and possible 
to obtain a gradually increasing revenue per unit, since 
that date it has been possible to bring down the average 
revenue per unit until it is now well below the 1921 
figure. The average revenue per unit for all purposes is 
now 1 • 28d. per unit. The average consumption per con¬ 
sumer for all purposes is 1 970 units. 

Relation between Cost of Energy and Consumption. 

The decrease in unit cost with increased consumption 
is clearly illustrated in Fig. 12, which has been compiled 
from the returns of all the supply authorities in New 
Zealand. 







In Fig. 12 each dot represents the average price per 
unit and the number of units per consumer, for one 
supply authority. 


The general shape and scale of this graph follows closely 
that given by J. M. Kennedy and Dorothy M. Koakes 
for English conditions.'*^ 

Analysis of Unit Costs. 

For ordinary domestic purposes, which include a fair 
proportion of off peak'' power, the average price per 
unit is slightly less than the general average. An analysis 
made of 36 supply authorities connected with the Govern¬ 
ment system of supply, whose records give the required 
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Fig, 12.—Curve showing relation between cost 
of energy and units sold per consumer per 
annum for 92 supply authorities in New 
Zealand, for year ended 31st March, 1933. 
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TOTAL COST 1*1-43 d. 


Fig. 13.—-Cost of energy for domestic use. Average of 
36 authorities supplied by Government. 

The very small consumption per consumer when the 
average price per unit is much above 2jd. and the gradual 
decrease as the consumption increases, is very evident. 



figures, show the average cost per unit for ordinary 
domestic purposes to be l*143d. per unit. This figure 
of 1 * 143d. is analysed in Fig. 13 into the principal items 
which go to make up the total cost. 

About 30 per cent of the total cost represents the cost 
of bulk supply from the Government, and 70 per cent the 
supply authorities’ costs. 

Such comparisons as the author has been able to make 
with English and with American figures seem to indi¬ 
cate that, under New Zealand conditions, the proportion 
representing generating charges is comparatively lower, 
and the proportion representing distribution costs some¬ 
what higher, than in the other cases. 

It is claimed that the New Zealand system has been 
designed on comprehensive lines, and that the present 
costs can be considerably reduced as the consumers per 
mile of line and the consumption per consumer increase. 
It is claimed also, considering that the average density 
of population of the reticulated areas, including the cities 
and towns, is only 70 per square mile, the consumers 
only 15 per square mile, and that there are comparatively 
few large manufacturing industries absorbing large blocks 
of power, that the system has been successful in that it 
has made power available to a very large proportion of 
the total population at a reasonable cost. There may 
have been mistakes; improvements can, and undoubtedly 
will, be made, but New Zealand claims to hold a high 
place amongst those countries in which electricity is 
widely used. 

1933, vol. 73, p. 97. 





APPENDIX. 


CLASS “A” CONTROLLING AUTHORITIES {see Table 1, page 69). 


Power Board 

Included Boroughs and Town 
Districts (T.D.) 

Remarks 

1 

Name 

Reference No. 
on Map 

(S. South Island; 
N. North Island) 
(1) 

Population 
(includes 
Boroughs 
in Col. 4) 
( 2 ) 

Capital 

investment 

(S) 

Name 

(4) 

Population 

(5) 

(1) Ashburton .. 

S.12 

18 700 

£ 

357 784 

Ashburton Boro. 
Tinwald T.D. 

5 450 
700 

Small plant used for peak-reducing 

(2) Auckland. 

N.6 

225 000 

3 406 366 

Auckland City 
Onehnnga Boro. 

One Tree Hill Boro. 
Otahuhu Boro. 

Mt. Albert Boro. 
Newmarket Boro. 

Mt, Eden Boro. 
Ellerslie T.D. 

How’ck T.D. 
Papatoetoe T.D. 
Manurewa T.D. 
Papakura T.D. 

106 300 

11 200 

8 050 

6 050 

20 750 

3 250 

20 100 

2 800 
650 

2 130 

1 600 

1 780 

Board’s steam plant subsidized by 
Govt., and operated only at request 
of Public Works Dept. 

(3) Banks Peninsula. 

S.15 

4 050 

103187 

Akaroa Boro. 

600 


(4) Cambridge. 

N.32 

6 000 

110234 

Cambridge Boro. 
Leamington T.D. 



(5) Central Waikato .. . , . . 

N.33 

19 010 

348 204 

Huntly Boro. 
Ngaruawahia Boro. 
Raglan T.D. 

Te Kauwhata T.D. 

1 940 

1 260 
360 
480 

Hamilton Boro, adjoins this area but 
buys direct from Public Works 
Dept. 

(6) Central Hawke’s Bay 

N.22 

11 600 

138 344 

Waipukurau Boro. 
Waipawa Boro. 



( 7 ) Daimevirke .. 

N.21 

i 

12 614 

213 820 

Dannevirke Boro. 
Woodville Boro. 
Ormondville T.D. 
Norsewood T.D. 

4 660 
1120 
290 
180 


(8) Franklin. 

N.7 

i 

17101 

288 790 

1 

Pukekohe Boro. 
Waiuku T.D. 

Tuakaii T.D. 

Mercer T.D. 

2 520 
880 
680 
340 


(9) Horowhenua . 

N.17 

17 160 

212 293 

Foxton Boro. 

Levin Boro. 

Otaki Boro. 

Shannon Boro. 



(10) Hutt Valley . 

N.18 

44 100 

386 414 

Upper Hutt Boro. 
Lower Hutt Boro. 
Petone Boro. 
Eastbourne Boro. 
Johnson ville T.D. 


Wellington City adjoins but there is 
a fairly clear line of demarcation 
between 

(11) Malvern . 

S.13 

6 050 

65 098 

— 

■gB 


(12) Poverty Bay . 

N.27 

24 440 

331474 

1 

i 

i 

Gisborne Boro. 

Te Karaka T.D. 
Patutahi T.D. 

B 

Board owns generating plant which 
can be used to cut peak 

(13) Springs-Ellesmere .... 

S.14 

12 330 

156 085 

Southbridge T.D. 
Leeston T.D. 

430 

660 


(14) Tararua 

N.20 

8 115 

164 559 

Pahiatua Boro. 
Eketahuna Boro. 

1600 

770 


(16) Te Awamutu 

N.31 

7 650 

186 023 

Te Awamutu Boro. 
Ohaupo T.D. 

Kihikihi T.D. 

1 870 
240 
320 


(16) Wairarapa .. ., 

N.19, 

19 600 

359 291 

Masterton Boro. 
Carterton Boro. 
Featherston Boro. 
Martinborough Boro. 
Greytown Boro. 

8 700 
1920 
1120 
1040 

1140 

Board's own small generating plant 
operated by arrangement with 
Public Works Dept. 

(17) Waitaki .. 

S.IO 

19 600 

179 341 

Oamaru Boro. 
Hampden Boro. 

7 600 
260 

Board owns generating plant which 
can be used to cut peak 

(18) Waitemata .. .. .. . . 

N.5 

40 485 

397 524 

Devonport Boro. 
Takapuiia Boro. 
Birkenhead Boro. 
Northcote Boro. 

New Lynn Boro. 
Helensville T.D. 
Henderson T.D. 

Glen Eden T.D. 

10 400 

7 000 

3 400 

2 540 

3 290 
1020 

1110 

1 320 


(19) Waitomo 

■ ' . ■ ' 

N.IO 

8 000 

100 210 

Te Kuiti Boro. 
Otorohanga T.D. 

2 630 
690 
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CLASS CONTROLLING AUTHORITIES {see Table 1). 

Supply Authofities other than Power Boards supplied direct by the Government. 


Name 

Population 

Capital investment 

(1) Christchurch City 

95 000 

£ 

808 996 

(2) Dunedin City (part only) (contract arranged) .. 

92 000 

1 710 617 

(3) Hamilton Borough .. 

15 500 

76 511 

(4) Heathcote County . . 

6 000 

36 648 

(5) Lyttelton Borough . . 

3 710 

10 990 

(6) New Plymouth Borough (part only) 

21 000 

441 487 

(7) Riccarton Borough . . 

5 500 

23 927 

(8) Sumner Borough 

3 500 

16 975 

(9) Waimairi County 

13 000 

84 610 

(10) Wellington City 

110 000 

1 193 035 


CLASSCONTROLLING AUTHORITIES [see Table 1). 
Supply Authorities in Isolated Districts generating their own power. 


Name of supply authority 

Population 

Capital investment 

Whakatane Borough Council . . . . .. . . 

1 800 

£ 

37 823 

Ohakune Borough Council 

1 940 

18 674 

Kaikoura County Council 

630 

10 107 

Murchison County Council 

500 

13 925 

Westport Borough Council . 

4 000 

31 716 

Uawa County Council 

400 

6 275 

Reef ton Electric Light Co. 

1 300 

5 848 

Raetihi Borough Council . . 

4 500 

37 636 

Queenstown Borough Council 

845 

12 870 

Alderton Utility Co. . . . . . . .. 

280 

6 439 

Havelock North Town Board 

1 163 

24 074 


Discussion before The Institution, 20th December, 1934 .^ 


Prof. W. M. Thornton: It seems to me that New 
Zealand is an example of where the supply has created 
the demand. It is not like Canada, where there are 
large industries taking great bulk supplies; New Zealand 
is an agricultural country, and coal has largely to be 
imported. There are immense potential water-power 
resources in New Zealand, and I should say that not 
one-tenth of the available water power has been utilized. 

The dfficulty in New Zealand is that at the moment 
the demand is msufidcient. If cheap power can cause 
industry, as we so often hear, then one can foresee that 
in the course of 100 years New Zealand will be one of 
the great manufacturing districts of the Empire. At 
any rate, it will make all that it wants for itself. One 
point which ought to be borne in mind in thinking 
about this paper is that the conditions in New Zealand 
are different from those of any other country in the world. 
The South Island of New Zealand is a mixture of the 
Highlands of Scotland, Switzerland, Norway, and the 

* The paper was presented at the meeting by Mr. W. P, Gauvain on behalf 
of the author. 


South Downs. The North Island is semi-tropical with 
a lot of heavy tree and bush country, and there is a 
great bare patch in the middle which is barren ground. 
When I was out there it was said to me—I do not know 
with what truth—that all that district wanted in order 
for it to become a great agricultural area was fertilizers. 
I replied You have, or will have shortly, the two great 
elements for the manufacture of fertilizer. In the first 
place all this forest district which you have here will have 
to be thinned, and therefore you will have great surplus 
quantities of carbon; and on the other hand the water 
power, which is just about to be developed, will give you 
your electrical supply. What about the electrical manu¬ 
facture of calcium cyanamide, which is one of the 
fertilizers which you want? It is at your door.'’ I 
made that statement to Sir William Fraser in 1914, and 
as far as I know nothing has yet arisen from it. Now that 
New Zealand has supplies of electrical power, and now 
that she wants to utilize them, it might be worth reviving 
the idea whether it would not be cheaper for her to 
arrange to have fertilizers made electrically in her own 
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country than to import them. The conditions for 
maldng electrochemical products are now much better 
than they have ever been before; and New Zealand does 
want some manufactures of that kind. 

Mr, W. P, Gauvain; In 1911 Mr. Evan Parry, a 
member of the Institution, went out to New Zealand 
as chief electrical engineer of the Public Works Depart¬ 
ment. He was responsible for formulating a scheme for 
electrical distribution throughout the two islands. The 
systems shown in Figs. 1 and 2 are the outcome 
of the scheme which he formulated during the 8 years 
he was in New Zealand. Mr. Parry laid it down that 
the maximum demand he would allow per head of 
population w^as 0vl5 kW, and it is interesting to know 
that-—after about 14 years" work, when the whole 
country is not yet “ reticulated —that figure has been 
almost realized. 

Those who have been in New Zealand will appreciate 
the troubles with which the engineers over there have 
had to contend. The civil engineering conditions are 
extremely difficult, owing to the treacherous nature of 
the ground, and in consequence estimates are often 
exceeded. Great difficulties have also been met with in 
the erection of the transmission lines. I have known 
cases w^here lines have had to be erected over mountain¬ 
ous country and through virgin forest where the trees 
range up to 100 ft. in height. The steel poles have had 
to be taken up in sections weighing not more than 
160 lb. so that they could be carried by a pack horse, 
and the cables have had to be drawn out by bullocks. 
All this means very heavy expense. In connection with 
the 110 000-volt lines, I think that these were in use in 
New Zealand before lines of this voltage were used in 
this country. Great Britain owes something to New 
Zealand in that British manufacturers had the oppor¬ 
tunity of experimenting with and designing 110 000-volt 
apparatus for New Zealand before they were called upon 

to design the 132 000-volt equipment for use in this 
country. 

The Power Board legislation has proved extremely 
useful to New Zealand. The largest block supply of 
power is 3 000 kW—^to a gold-mining company. All 
the other supplies of power are comparatively small. The 
chief consumptions are domestic, and the incidental power 
loads ^which occur in towns; there are no large industries. 
The development has really been on the domestic and 
farming side. At the 31st March, 1934, there were 
334 000 consumers in New Zealand, equipped with 
36 000 cookers, over 50 000 water heaters, and 17 000 
electrically-driven milking machines. Whereas one 
hears but little of milking machines in this country, no 
farmer in New Zealand who is milking more than about 
20 cows does it by hand. This is quite a good load in 
the areas which the New Zealand Power Boards have 
developed. 

With regard to finance, the capital outlay at present 
is nearly £100 per consumer. When the Power Boards 
were first started materials were costly and the price of 
money was very high; many of the Boards had to pay 
interest charges of over 6 per cent. Practically every¬ 
thing used by the Power Boards is imported into New 
Zealand, and in consequence the capital costs must be 
high’ when compared with the figures in a country like 


Great Britain. The exchange in New Zealand is now 
100 English pounds to 125 New Zealand pounds, so that 
the actual cost of lT43d. per unit in New Zealand 
coinage really works out at 0*914d. in our money. 

In connection with the bulk-supply charges, I should 
like to know whether at the present time, after liis 
experience of the last few years, the author still favours, 
the system of having no unit charge. Would he prefer 
a small unit charge of about OTd., and a smaller kW 
charge, in place of the present charges? The method 
of bulk-supply charging adopted in New Zealand has 
produced extraordinarily good load factors. There is 
one Power Board which has a load factor of 76 per cent, 
and the average load factor of the whole of the Boards in 
New Zealand is about 56 per cent. There are 5 Power 
Boards with load factors of over 70, and 12 with load 
factors of between 60 and 70. We should be very glad 
if we could get such an average in this country. 

Mr. W. A. Coates : In New Zealand, electrical distri¬ 
bution is mainly in the hands of Power Boards, who 
control the major part of the area. There are, however, 
still municipal supply undertakings, which operate 
very much in the same way as they do in this country. 
Both classes of authorities are members of the Associa¬ 
tion to which reference is made on page 65. I gather 
that there is some heartburning at the present moment 
over the question of the bulk-supply charges. Appar¬ 
ently some of the Power Boards whose areas are near the 
main generating stations feel that, because of that 
geographical advantage, they should be getting lower 
prices than some of their neighbours. Particularly 
do they resent the advantage which the municipalities 
have, because of their serving a much denser district. 
It remains to be seen whether any action will be taken 
to clear up that position. I am rather interested to 
note on page 64 the fact that a chairman of a Power 
Board may be paid not more than £300 per annum. 

I seem to remember that in the original Power Board 
Act no such limit was applied; £300 per annum is an 
extraordinarily small figure for what may be an onerous 
job, and one would be interested to know the explanation. 

By far the most interesting feature of the paper, and of 
New Zealand's legislation controlling supply, is the rating 
provision, to which reference is made on page 64. 
About 80 per cent of the total rates collected lies at the 
door of one Power Board. I think it should be realized 
that that particular Board is operating in a district 
where the population density in the inner area (i.e. 
the area subject to rates) is only 14 to the square mile, 
and the consumer density is only 2»8 per square mile. 
Further, taking the whole of New Zealand, including the 
cities, the population density for the reticulated area is 
66 per square mile. According to Messrs. Dickinson and 
Grimmett,**' a figure of from 75 to 100 per square mile is 
the minimum which it is considered feasible to serve 
in this country. The New Zealand engineers have been 
much more adventurous, and their adventures have been 
justified. 

The regulations set up and administered by the New 
Zealand Public Works Department are based almost 
entirely on the corresponding regulations in this country; 
and, from a mechanical point of view, a transmission 

♦ JowfMflZ 1932, vol. 7G, p. 189. 
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line operating at 11 kV in New Zealand is a thing which 
would be passed in this country. The difference between 
the conditions in the two countries lies firstly in the fact 
that wayleave difficulties are almost unknown, and 
secondly that the Post 0£6ce does not enjoy any right 
of priority. The Post Office and the local electricity 
undertaker are on the same footing, and whichever gets 
there first has to keep its lines to one side of the road. 
The result of this is that, according to the reports of the 
Public Works Department, the average cost of building 
a 11-kV 3"phase line is £220 per mile. I have even 
known cases where a long line with a straight run over 
easy country has been built for very nearly £100 per mile 
less than that. 

Fig. 12 in the present paper bears some resemblance 
to Fig. 6 in the recent paper by Mr. Kennedy and Miss 


It is of interest to mention that in many of the rural 
districts the. maximum demand is actually built up by 
milking machines. In rural districts the water heaters, 
for instance, are arranged to be switched off for three 
separate peaks, two of which are brought about^ by 
milking machines, one of them in the very early morning. 

A good deal of discussion is at present going on ir 
New Zealand with regard to bulk-supply tariffs. Ne\ 
proposals are being put forward because, at present, no 
matter how small the Power Boards may be they have 
to pay a minimum annual charge. The smaller Boards 
say that this charge is pressing heavily upon them. They 
are tr 3 dng to find some means of getting over that 
difficulty. 

Mr. Gauvain has mentioned that New Zealand has 
36 000 electric cookers in operation; this figure is very 
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Fig. a. 

Curve 1. From paper by Mr. Kissel (per consumer). 
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Noakes,* although the two curves are actually plotted 
to difierent scales of abscissae. Fig. A shows Fig, 12 
plotted to the same base as Mr. Kennedy's Fig. 6. The 
two curves almost coincide, i.e. the conditions of the 
two countries are apparently almost identical. There 
seems to be at the present moment a popular feeling 
that something should be done to improve the methods 
adopted in connection with British distribution systems. 
Once again, therefore, I wish to make the suggestion 
that it would pay the electrical industry of this country 
to investigate the legal, the administrative, and the 
engineering methods which are being followed in New 
Zealand with regard to rural reticulation. 

Mr. E. E. Sharp: New Zealand has shown remarkable 
courage in spending 32 millions of capital for a popu¬ 
lation of only millions, of whom only about half a 
million are actually wage-earners, and the country is 
to be congratulated on getting such wonderful results. 

* Journal I.E.E,, 1933, vol, 73, p. 103. 

VOb. 77. 


high in view of the smallness of the country, but it should 
be remembered that throughout the country there are 
about 154 000 gas cookers in operation. This suggests 
possibilities of a great deal of advance in the direction 
of electric cooking. What is surprising is to find that 
the New Zealand engineer at present does not seem 
inclined to do anything to make it easier for the consumer 
to introduce current-consuming devices into the home. 
I think perhaps New Zealand is a little too proud of the 
fact that up to now the workers have always been willing 
to buy their domestic apparatus. I was recently 
informed, in a letter from one of the Power Board 
engineers, that there could be no question of hiring out; 
that the workman was so much better off in New Zealand 
than in this country that it was quite easy to sell the 
apparatus to him. I do not feel that that outlook is 
justified, in view of the big difference between the num¬ 
bers of electric cookers and of gas cookers. I suppose 
the number of wage-earners, namely half a million, is 
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almost the same as the number of houses there are in 
New Zealand. The paper tells us that 96 per cent 
of the houses are within reach of a supply, so it would 
appear that there is a great field for increase of domestic 
consumption, 

Mr. V. Z. de Ferranti: When I returned to this 
country 10 years ago after a visit to New Zealand I 
was disgusted to find that no one over here seemed to 
think that the countryside was worthy of being developed 
electrically. New Zealand, however, which has only 
two large towns—Auckland and Wellington—got on 
with the job of rural electrification, and was 10 years 
ahead of us. New Zealand is to be very much congratu¬ 
lated upon the splendid success of its projects, both 
technically and financially. 

It has already been remarked that the New Zealand 
supply authorities were very helpful to British manu¬ 
facturers. It is a fact that the first 110 000-volt power 
transformers to be made in this country were made for 
Mangahao, and I feel that it was a great act of faith on 
the part of the New Zealand authorities to give us that 
opportunity. It is gratifying to know that that faith 
was not misplaced. 

Mr. A. N. D. Kerr: I have been trying, without 
success, to find out what specific remedy there is which, 
if applied to this country, would bring about such success¬ 
ful results as have been obtained in New Zealand. I 
have, however, much apprehension with regard to what 
is called the '' availability rate,” which represents 
10 per cent of the total rates collected from the various 
ratepayers; is not this rather a large amount ? I should 
like to know how much the Power Boards themselves 
pay back in rates to the local authorities. Presumably 
the Power Boards have to accept the valuation placed 
on them by the local authorities. With regard to the 
tariff, I infer from the paper that extremely attractive 
rates are quoted to consumers. Do these rates take the 
form of a capital sum, such as is quoted to Power Boards ? 
Such a basis would seem consistent with supply by water¬ 
power undertakings. This type of tariff introduces a 
new conception into electricity charges, which has 
proved very successful in New Zealand; the conception 
being to charge only for the work involved in ia 3 dng down 
the supply, much as water is sold in this country. It 
is not a system which can be successfully applied here, 
seeing that a great portion of the costs of electrical under¬ 
takings are based on running and distribution charges.. 

I do not see any reference in the paper to the counter¬ 
part in New Zealand of the British Electrical Develop¬ 
ment Association. How is it that 93 per cent of the 
population of New Zealand have been persuaded to take 
advantage of electricity supply ? 

I am interested in the registration of wiremen, and 
impressed by the fact that the Power Boards feel that 
they have a conscience in the matter and that they ought 
to listen to it. I do not know whether there are any 
inspectors of wiring in this country, similarly appointed 
and controlled by the supply undertakings; if there 
are, I have not heard of them. It seems that the 
Power Boards in New Zealand have realized that they 
are primarily responsible not only for the supply but 
also for the way in which it should be used. I am very 
interested to find that the New Zealand wiring regu¬ 


lations are based on those issued by the Institution. 
Are these regulations, with all their numerous onerous 
clauses, strictly enforced in New Zealand ? If so, 
I cannot understand how it has been possible to carry 
out such cheap wiring. 

Mr. William Wilson: The future of electrical engi¬ 
neering depends very greatly upon the efficiency with 
which the organization of power supply is carried out. 
Different types of organization are appropriate to the 
peoples of different countries, and it is particularly 
interesting to compare the methods which have been 
adopted in other English-speaking countries with our 
own. None of the previous speakers have said much as 
to the broad principles of the system described in the 
paper, and I should like to spend a little time in analysing 
these and comparing them with those of the system in 
Great Britain. 

Both the conditions and the methods adopted in New 
Zealand are in several respects as, different as possible 
from the state of things in this country. First, the 
conditions there cannot be said to render electric supply 
an easy matter. Great Britain has a high density of 
population and a cheap supply of coal, but the opposite 
is true of New Zealand. Each island has approximately 
the same area as England, and a population considerably 
less than that of the city of Birmingham; while although 
very good coal is obtainable, transport costs are respon¬ 
sible for the retail price being comparatively high. 
Secondly, the principles of organization are notably 
different. In Great Britain the keynote of electricity 
supply is centralization. The supply is operated by one 
authority, and all concerned have to obey instructions 
from headquarters. Again the opposite is true of New 
Zealand, since control is notably decentralized: where 
its services are not required, the chief authority does 
not interfere. It has its own stations and grid, and 
acts as a wholesale supplier when a supply is needed; 
but, except as the co-ordinating authority, it does not 
intrude where a district can look after itself. Further¬ 
more, it does not concern itself at all with distri¬ 
bution and selling. It is for this purpose that the very 
successful scheme of Power Boards has been brought 
into being. Now the success of a decentralized system 
depends upon the aptitude of the people for efficient 
co-operation, and it cannot be denied that the New 
Zealand engineers and public have shown that they 
possess this faculty. 

The great advantage of the Power Board method is 
that each function is entrusted to people to whose 
interests it is that their particular work shall be done to 
the best possible advantage. These boards are local 
bodies, constituted very much like an English county 
council, and what may be termed the retail distribution 
is put into their hands. They know their area thoroughly 
and are able to influence the prospective purchasers in 
order to secure the widest and most economical use for the 
electric power. They may have generating stations of 
their own, or they may purchase all or some of their 
power wholesale from the Government supply; and their 
function is to distribute it among consumers in the most 
effective manner. The very high load factors that they 
are able to command is in my opinion a sure indication 
as to the efficiency of their working, and must be due to 
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very successful encouragement of off-peak loads. No 
mention is made in the paper of methods whereby the 
load factor has been raised to so high a value, and I 
should like to ask for a few details as to the measures 
which have been adopted, such as the possible arrange¬ 
ment of peak loads to miss each other. The statement 
was made a few years ago that the great improvement 
required in this country was in load factor; I believe 
that the figure for Great Britain is still below 25 per cent, 
possibly about half the New Zealand figure, so that this 
information would be of special interest. 

Another difficulty experienced in New Zealand is 
that so much of the country is occupied by dairy farms 
and other industries connected with the land, a type of 
consumer that it has proved very difficult to cater for 
in Great Britain. In New Zealand the difficulty must be 
even greater, because of the very large extent of many of 
the farms and the absence of other t^es of consumers 
in these areas. I should like the author to give some 
information as to the extent to which the farming in¬ 
dustry have been induced to become consumers. 

The recent legislation connected with wiring has been 
mentioned; I should like to know why so much more 
importance is attached to the standard of this work in 
New Zealand than in this country, especially as my own 
impression was that the standard in New Zealand as 
far back as 1915 was already higher than that some 
of us are familiarwith here. It may be that the 
prevalence of wooden buildings and also the drier 
climate have increased the fire risks, but I am not 
certain whether there is not some other reason. 

The author mentions the use of hydro-electric power 
in New Zealand: a year or two ago an account was given 
of a project for establishing a very big station at Lake 
Te Anau for supplying an electrochemical industry, 
largely for the purpose of producing nitrates. Nothing 
further has been heard over here about this scheme, and 
I should be interested to know what are the possibilities 
of this and other large-scale hydro-electric projects 
materializing. 

Mr. H. Bentbam: I gather from the paper that there 
may at times be some unreliability of the supply, and 
I should like to have some further information on this 
point. Looking at Fig. 1, I notice that in the North 
Island the current is consumed about 105 miles from its 
source of supply. I should be interested to know whether 
there have been any failures of the transmission system; 
if so, are such failures frequent, and what is their dura¬ 
tion ? I should also like to know whether any failures are 
due to lightning, and whether there is ever a shortage 
of water. 

With regard to the question of wayleaves, in Great 
Britain it usually takes from 18 months to 2 years to 
get the necessary details settled. If that time could be 
reduced, quite apart from the cost of wayleaves, which is 
very high (and in regard to which, I understand, there is 
no trouble at all in New Zealand), it would help matters 
very much in this country. 

In New Zealand the bulk-supply charge is roughly 
£8 per kW. Compared with the charges on the South- 
East England grid, this tariff is lower at 100 per cent 
load factor, but at load factors of 25 per cent the 
New Zealand tariff is 0v899d. per unit compared with 


0* 579d. for the grid; and we think the grid tariff extremely 
high. It is obvious that with a bulk-supply charge of 
£8 per kW it is necessary to introduce a tariff which 
will encourage very high load factors; otherwise the 
average price required would be exceptionally high. 
I assume that in New Zealand the necessary services are- 
charged at a fairly high price and the remainder at an 
exceptionally low price—in fact, perhaps very little above 
cost; probably this is the reason why the load factor is 
so high. I understand there are 36 000 electric cookers 
in use in New Zealand. It seems to me that for the 
use of a 7-kW cooker one would have to pay a very high 
unit charge for it to be remunerative, despite the satis¬ 
factory diversity factor. 

On page 72 it is stated: The Government has not 
taken any steps to compel the closing-down of these 
plants, but has endeavoured to modify the standard 
supply rate to an extent sufficient to secure practically 
the whole of the load,'’ I assume that this means that 
those generating stations are allowed to run which can 
generate at a lower price than that at which they can 
buy. 

On the same page it is stated: ‘'When the general 
system of supply becomes available it is perhaps reason¬ 
able that the capital which the owner has invested in 
these local plants should be protected. It is not, 
however, reasonable that this capital should be fully 
protected. . . That statement seems contradictory, 
and I should like to have some further explanation of 
it. The references to interruption under {a) and {b) 
on the same page rather suggest that the system is 
subject to a fair amount of interruption. If that is 
the case, the New Zealand method of working would not 
prosper if it were applied to this country. 

Mr. W. McClelland: In presenting the paper Mr. 
Gauvain told us that before the Local Government 
Loans Board would authorize a loan for future extensions 
it was required that a revenue equal to 17 per cent of 
the capital cost of the extension proposed should be 
guaranteed. According to the curves shown in the 
paper, the capital expended per consumer at the present 
time is about £100, and the revenue about £10. So that 
for the present extensive supply system the ratio of 
revenue to capital is approximately 10 per cent. Out 
of this 10 per cent revenue, the authorities have paid 
all operating costs and interest on loans, and have 
allocated more than £1 000 000 to depreciation, sinking 
fund, reserves, and surplus. It seems to me to require 
some explanation why, for future extensions, a figure of 
17 per cent for the ratio of revenue to capital should 
have to be guaranteed, when up to the present the figure 
of 10 per cent has given the excellent results shown in 
the paper. 

Mr. A. H. D. Markwick [communicated): A family 
of curves showing equal gross or net revenue per con¬ 
sumer may be superposed on the curve given by the 
author in Fig. 12. These curves take the form of a 
family of rectangular hyperbolae, as shown in Fig. B. It 
will be noticed that a reduction in average price per 
unit from lOd. to about 5d. actually reduces the revenue 
per consumer. As the average price per unit falls, 
however, this tendency is reversed, and the gross revenue 
per consumer increases quite rapidly. Eeference to 
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Fig. B. —Curve showing relation between cost of energy and units sold per consunaer (average of 92 supply authorities 
in New Zealand for year ended 31st March, 1933). Curves showing equal revenue perjeonsumer are superposed. 


curves of this type given by Mr. J. M. Kennedy and 
Miss Noakes* shows that these are essentially similar to 
those given by the author. The tendency, when very 
high average prices are charged for current, for a reduc¬ 
tion in tariff to be associated with a possible fall in total 
revenue, probably accounts for the reluctance of some of 


the smaller undertakings in this country to adopt a more 
progressive policy. The paper clearly demonstrates 
the shortsightedness of this view. 

[The author’s reply to this discussion will be found 
on page 86.] 


North-Western Centre, at Manchester, 6th November, 1934.f 


Mr. W. Fennell: The figures as to the units consumed 
by the people of New Zealand are really sensational. 
The author stated that the area of that country is about 
the same as that of Great Britain, but as a matter of 
fact it is 25 per cent larger. The population of New 
Zealand is about equal to those of Manchester, Salford, 
and Leeds, put together. To imagine the population of 
those three cities spread over the whole of Great Britain 
gives one an idea of the attenuation of the population of 
New Zealand. It is no small feat to have been able to 
get electricity installed by 97 or 98 per cent of the popu¬ 
lation. It would be interesting if the author could give 
further particulars of the tariffs. Energy is apparently 
sold in bulk to distributors per kW without any unit 
charge, but we are not told how the consumer buys it. 
Some of us have sold electricity retail at a fixed charge, 
without a meter. In the area served by the undertaking 
with which I am associated there is still a housing estate 
where the tenants pay a fixed weekly charge for elec¬ 
tricity, and I believe that if the consumption per head 
of population were calculated for the housing estate it 
would be at least equal to that quoted for New Zealand. 
I should like to know why in New Zealand they should 
sell at a fiat rate, in preference to adopting a 2-part 

* Jmrndl J.E,E., im,voh7S,v>l0d. 

t The paper was presented at the meeting by Mr. W. P. Gauvain, on behalf 
of the author. 


tariff made up of a rateable-value or floor-space charge 
plus a unit charge. 

Dealing with the earlier part of the paper, I am rather 
interested in the reference to the Telegraph Act of 1865, 
which was followed by the Electric Lines Act of 1884. It 
would be interesting if we could get an idea of the pro¬ 
visions contained in the latter (Lines) Act, so that they 
could be compared with those prevailing in this country. 
With regard to the Electric Power Boards and their 
organization, the paper states that the supply under¬ 
taking cannot raise money by loan to erect mains 
outside the Power Board district, although it can supply 
beyond that margin. One would have thought that to 
prevent the undertaking from borrowing money to 
develop the whole of its area would have handicapped 
rural development, but it does not seem to have had 
that effect, seeing that 98 per cent of the inhabitants 
are taking a supply. 

On page 64 under Section B(4) it is stated: '' any 
person liable to pay a rate under this section is also 
entitled to receive free of charge for use in his property, 
electricity equivalent in value to the amount of such rate 
paid in that year. ’ ’ This seems to be a splendid business¬ 
getting proposition, but I should imagine the British 
public hope it will not be applied in this country. 

It is quite understandable (page 65) that the Boards 
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should have to spend almost all their capital at once on 
the transmission system, and capitalize their interest for 
some years to come. Our C.E.B., of course, has to do 
the same thing. There is a hint that in New Zealand 
the purchasing authority is the Government, which 
appears to indicate a leaning towards complete 
nationalization. 

I should like to ask how often wiremen are struck ofi 
the list. We have a similar problem in connection with 
the National Register in this country. 

It would be useful if the New Zealand supply regula- 
tions could be pubUshed as an addendum to the paper, 
as a comparison with the British regulations. I should 
like to support what the author has said as to the 
wisdom of circulating new regulations for criticism 
before they are published. 

The curve shown in Fig. 12 appears in a more under¬ 
standable form than the similar one given 12 months 
ago by Mr. Kennedy and Miss Noakes. The difference 
between the two is that the New Zealand dots do seem 
to approximate to the line. The fact that electricity is 
purchased in bulk without any unit charge but with a 
kW charge may have had a considerable effect upon the 
New Zealand curve. 

New Zealand appears to have already done what we 
are trying to do to-day, namely to get the farmer to 
use electricity for almost all purposes. I can see signs 
in my own area of similar figures to those given in the 
paper being obtained in some of the rather more remote 
rural areas where farmers have adopted electricity within 
the last 2 years. Until then they raised many objec¬ 
tions to the presence of the poles which brought the 
supply near to them, but now they are becoming very 
keen on the availability of supply. 

I should like to mention the fact that our grid tariffs 
follow the idea embodied in the New Zealand bulk-supply 
tariff, namely a fairly high kW charge. This has enabled 
a low unit charge to be chosen here. It allows the 
smallest undertaking to develop in a country area, 
because it allows of a very low unit charge on the 
2-part retail tariff, and so induces the farmer to use 
electricity. 

Mr. W. N. Y. King : We are informed by the author 
that in the country districts of New Zealand the price 
for cooking and heating is from Id. to l^d. per unit. The 
authorities in New Zealand are to be congratulated on 
achieving such a low' figure. 

Mr. W. E. Swale: I greatly admire the wonderful 
development work which has been done in New Zealand. 
In a period of a little over 10 years the annual con¬ 
sumption per head of the population has reached 452 
units, which is almost as high as the figure we hope 
to reach in this country in the year 1940. The Power 
Boards have been able to proceed with their work un¬ 
trammelled by vested interests. They have engaged in 
all kinds of interesting departures from preconceived 
ideas, and have been able to launch out on distribution 
schemes which in this country are not possible. What, 
by the way, is the value of the English pound sterling 
in New Zealand? It is also important to know some¬ 
thing about the cost of competitive forms of fuel. Can 
the author give any idea of the average cost of fuel 
delivered at the house ? Is there any competition with 


municipal gas companies, and what is the price of 
paraffin ? 

It is quite startling to read of bulk supplies being 
given exclusively on the basis of a fixed charge, and no 
running charge. Is this altogether sound, in view of 
possible future development? Are water supplies sus¬ 
ceptible to seasonal variations, and do climatic conditions 
afiect the load ? I should imagine that, in New Zealand, 
temperatures are lower in the cold season than in this 
country, so that for electric building heating the peaks 
in the cold period will be greater than in England. 
Whereas the domestic load factor may reach the figure of 
40 or 50 per cent, the industrial load factor is never likely 
to reach more than 15-20 per cent. With a 15 per cent 
load factor the industrialist would have to pay l*4d. 
per unit, i.e. 15 per cent more than the bulk-supply 
charge per unit. Can the author give some information 
as to the conditions under which water heaters have been 
sold in New Zealand? Have unrestricted supplies for 
this purpose caused any embarrassment? A statement 
on page 64 interests me: '‘This particular method 
of rating has been used in one or two cases as a 
means of forcing ratepayers to become consumers of 
electricity.’' It would be delightful if we had something 
of the kind in this country. The remarks on page 72 
under the heading “ Charges for Bulk Supply ” are very 
interesting. Apparently bulk supply has not been made 
compulsory; the owners of private power stations are 
still allowed to run them when they think fit, although 
the benefits are very doubtful. In effect this policy 
sanctions the principle of stand-by plant, which is 
fundamentally wrong. 

With regard to the industrial load, what proportion 
of the total kWh sold is used for industry? Pre¬ 
sumably there is not much manufacture, but large loads 
may be expected for dairy farming and for refrigeration 
at the terminal ports of the frozen-meat traffic. 

Mr. C. L. E. Stewart: The most striking feature in 
the paper is the absolute reliance on water power, there 
being practically no stand-by or reserve plant driven by 
another form of energy. When I read the paper I had 
before me an atlas, and from this I gathered that the 
rainfall in New Zealand is very much heavier than in 
England, and is presumably seasonal. Is this so? New 
Zealand lies between latitudes 34° and 46° S.; if these 
latitudes were transferred to the northern hemisphere 
the lines would pass through Switzerland on the one 
hand and North Africa (Morocco and Algeria) on the 
other. The lighting-up time will therefore be later in 
the winter and earlier in the summer. Could the author 
give the times of sunset in Auckland (lat. 37° S.) on the 
longest and shortest days ? I imagine that New Zealand 
loses an average of 1 hour's lighting units, from this 
cause, as compared with England. The climate in New 
Zealand must be warmer than in England; I imagine 
that there is not much frost or snow, except on very 
high ground. 

I notice that there are some large lakes high up in 
South Island; at what height do these lakes stand, and 
are they commercially available for current generation 
when the demand for power necessitates plant extensions ? 
Do the lakes and rivers in the higher regions become 
frozen up in winter? Fig. 2 indicates that the west side 
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of South Island is practically blank. I gather that the 
mountains are rather close to the coast, run very steeply 
down to the sea, and are forest-grown. The rivers which 
flow down these slopes appear to be suitable for supply¬ 
ing cheap power. The conditions look similar to those 
in Norway. 

Apparently there are four coal districts in New 
Zealand; it would be interesting to know whether there 
is *a sufficient quantity of good-quality coal for steam¬ 
raising and domestic purposes at a reasonable com¬ 
mercial price delivered to the consumer. If the coal is 
poor in quality, and difficult to get and deliver to the 
consumer, it makes a great difference to the value of 
electricity. 

With regard to the gold mines, of which there seem 
to be four or five, do these take any big blocks of power 
which would bring up the average consumption per 
head of population to the high figure stated in the paper? 

The kVA charge looks high, but I understand that 
each quarter stands absolutely on its own. With the 
Central Electricity Board the charge is yearly; which 
makes a great difference. 

The capital cost of electricity supply in New Zealand 
must of necessity be higher than that in England, 
because I believe practically all the plant is imported 
from a great distance. Let us compare these apparently 
high charges with the corresponding figures for England. 
The Central Board's kW charge in this area is £3 7s. 6d., 
not to authorized undertakers, but to the favoured few. 
The remainder have to pay added charges for transmis¬ 
sion lines. In the case of two srnall industrial towns less 
than 40 miles from Manchester that I have details of, the 
added charge is £4 6s. lid. in one case and £3 9s. Od. in 
the other case, making totals of .£7 14s. 5d. and 
£6 16s. 6d. per kW respectively. 

In each case the scale of charges in New Zealand 
works out at a less sum per annum than that of the 
C.E.B., plus the added charges. 


I should like to know whether difficulties are encoun¬ 
tered in connection with the ratepayers’ meetings. In 
England, if powers are sought which might possibly result 
in a charge on the rates, there is great difficulty in getting 
the ratepayers to agree. What happens is that those 
who are in favour, or at least not against, the proposals, 
do not bother to attend, and those who are against 
attend in full force. 

A word which occurs frequently in the paper is not 
in common use in this country; I refer to the word 
reticulate." The dictionary gives to it the meaning 
formed like, or resembling, a network "; it is therefore 
a very apt word as used in the paper. 

I think everyone will be glad to note that local 
authorities in New Zealand are not allowed to obtain 
money from the electricity undertakings for the purpose 
of the rates. What seems to me to be a most ridiculous 
procedure, and one which is not uncommon in this coun¬ 
try, is for a local authority to pass a resolution allocating, 
say, £20 000 to the relief of rates, and a later resolution 
giving instructions for application to be made for sanction 
to a loan of, say, £100 000 for extensions to the electricity 
undertaking. 

Mr. T. W. Ross: It is interesting to hear how the 
New Zealand Government sell their electric power in 
bulk, and also of the high load factor. I imagine that 
a large percentage of the power must be used for agri¬ 
cultural or domestic purposes, and it is surprising that 
load factors of over 60 per cent are obtainable with this 
class of load. There must surely be some inducement 
to consumers to level out their demand in order that such 
load factors may be attained. It would be interesting to 
hear of the arrangements in force for the purpose of in¬ 
ducing consumers to keep a level demand, and also what 
tariffs are in use for different kinds of consumers. 

Mr. W. Kidd : Will the author tell us what periods 
are allowed for the redemption of the capital costs of 
electricity supply in New Zealand ? 


The Author's Reply to the London and Manchester Discussions. 


Mr. F. T. M. Kissel {in reply): I wish to thank 
members for the reception given to the paper, and, 
although approximately 12 000 miles distant, I hope 
that my replies correctly interpret the thoughts of those 
seeking further information. I should like also to thank 
Mr. Gauvain for agreeing to'' present the paper. He has 
been, during his residence in New Zealand, so intimately 
associated with much of the development that I felt 
sure the paper could not have been in better hands. 

Regarding his inquiry as to whether, as the result 
of experience in the past few years, I still favour the 
system of having no unit charge, I would say that for 
wholesale supply to authorities taking the whole of their 
supply from the Government system I consider the 
present method of charging satisfactory. It may not 
be quite so satisfactory to the generating authority 
where the distributing authority owns and uses other 
generating plant for peak-reducing purposes, and in 
more recent contracts the plain maximum-demand whole¬ 
sale rate has been offered only on condition that peak- 
reducing plants are not operated. 

For the information of Mr. Coates, who is interested 


to know the reason for the apparently small honorarium 
paid to the chairman of a Power Board, I wish to say 
that these Boards now meet once a month for the formal 
transaction of business, and that now the Boards have 
finally decided upon their construction programmes the 
actual administration of affairs is in the hands of the 
Boards* executive officers. In some isolated cases the 
chairman of a Board gives his services free, and approxi¬ 
mately 30 per cent of the chairmen act for less than 
£100 per annum. 

Mr. Kerr is interested in the " availability " rating- 
powers. Only two Power Boards have adopted " avail¬ 
ability " rating, and it is not a very serious proportion 
of the aggregate amount collected as rates. Thus the 
figure for the year ending 31st March, 1934, was £1 378 
out of a total of £67 873, which goes to show that" availa- 
ability " rating has served its purpose and is not being 
utilized to any appreciable extent. The maximum 
amount that a ratepayer may be called upon to pay 
as " availability" rate in any one year is £30, and the 
minimum 10s. Power Boards pay the usual rates to 
the local municipal authority in whose area the Board's 
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premises happen to be situated, but it is not possible 
at the moment to quote any amount, either individual 
or aggregate, as requested by Mr. Kerr. 

I am afraid that I have not sufficient knowledge of 
the conditions in England to assist him in finding a 
specific remedy to bring about better results. I might 
suggest, however, that such success as has been attained 
in New Zealand has been largely brought about by com¬ 
bining urban and rural areas, and by placing control of 
the distribution in the hands of authorities who have 
no avenue for absorption of profit other than the electric 
supply business. There is a movement in this Dominion 
for the setting-up of an organization which will be the 
counterpart of the Electrical Development Association 
in Great Britain, and its main function will be to launch 
intensive load-building campaigns. 

Regarding the electrical wiring regulations, the Public 
Works Department, recognizing that the I.E.E. Wiring 
Regulations are more advisory than mandatory in nature, 
modifies where necessary any I.E.E. Regulation it may 
adopt as the basis of a similar regulation for New Zealand, 
where regulations are mandatory, and as a consequence 
the cost of wiring is not inordinately high in this country. 

Mr. Wilson comments on the high load factor obtained 
in New Zealand. This is largely due to a high diversity 
factor between the large areas of country reticulation 
in combination with the urban areas. The milking peaks 
do not coincide with the industrial peak in the cities, 
and in most of the rural areas change-over switches have 
been installed in conjunction with the domestic hot- 
water system and the milking motor in the milking shed, 
or alternatively between the milking motor and the 
electric range. Domestic electric hot-water systems in 
the urban areas are controlled during peak periods either 
by time switches or by relays actuated by pilot wires. 
Cheap night rates are also in general use for domestic 
waterheating, and, taking all the above factors into 
consideration in conjunction with the quarterly maxi¬ 
mum-demand system of charging for bulk supply, the 
high annual load factor is the result. The proportion 
of urban to rural consumers is approximately 214 000 
to 120 000. 

Mr. Wilson is correct in assuming that the high pro¬ 
portion of wooden buildings in this Dominion is to a 
large extent responsible for the grade of wiring work 
insisted upon. The fire risk would be a serious one if 
inferior materials and workmanship were permitted. 
Each electric supply authority is bound by law to make 
a periodical inspection of each consumer's installation 
to see that no electrical hazards exist; the maximum 
time between inspections must not exceed 5 years. 

Mr. Bentham asks whether transmission-line failures 
are frequent, and I am pleased to be able to inform him 
that such interruptions are very few and far between, 
the main transmission lines in most instances consisting 
of more than one circuit. For the 12 months ending 
31st March, 1934, the interruptions to the three principal 
cities supplied from the Government schemes were as 
follows:— 

Auckland from Penrose substation.-^One of 11 minutes 
and one’of 8 minutes, in each case due to the failure 
of a 110-kV pillar insulator on the high-tension busbars 
at Arapuni. Total, 2. Duration, 19 minutes. 


Wellingion from Khandallah substation, —One of 18 
minutes due to a broken jumper and mechanical failure 
of 110-kV air-break switch at Khandallah. One of 1 
minute due to lightning fiashover on transmission line. 
One of 4 minutes due to accidental earthing of 11-kV 
oil circuit-breaker at Khandallah. One of 3 minutes due 
to cable fault on customer's cable system and inadequacy 
of relay system. Total, 4. Duration, 26 minutes. 

Christchurch from Addington substation. —No inter¬ 
ruptions. 

An examination of the above details indicates that, 
with the exception of one interruption of 1 minute at 
Wellington, the whole of the interruptions were such 
as might have occurred even if there had been no long 
transmission lines, and if the power stations had been 
located close to the load centres. The efficiency of trans¬ 
mission has been greatly improved in recent years by 
systematic maintenance and by the periodic testing of 
insulators by live-line methods. Any units found defecr 
tive are removed at the first opportunity. Live-line 
methods of insulator changing and even of pole and 
cross-arm changing are used wherever it is not possible 
to put lines out of commission for repair. Lightning 
does not cause much trouble on the e.h.t, lines in New 
Zealand. As regards shortage of water, in the past there 
have been isolated instances of brief duration during 
which stand-by steam and Diesel plants have supplied 
the deficiency and ensured continuity of supply. 

Regarding Mr. Bentham's comment on the retail rates 
for electric ranges, Id. per unit is fairly general for this 
class of load, and this is apparently a profitable figure. 
In the larger cities fd. per unit is a common rate. His 
assumption anent generating stations being allowed to 
continue in operation if the generating costs are cheaper 
than bulk-supply rates is correct. He mentions pro¬ 
tection of capital invested in such plants at the time 
when the Government supply becomes available, and 
assumes there is a contradiction as regards the meaning 
of protection." The point is that the owners of these 
plants cannot have it both ways. If Government supply 
is available and a contract has been signed to take such 
supply, the price per kVA may be made more favourable 
to the owner provided the plant is shut down completely, 
but if the owner still desires to use the plant during 
peak hours, as mentioned in paragraph ( 5 ), page 72, 
the terms of the contract will naturally not be the same 
as in the former case. 

Mr. McClelland raises the question of 17 per cent 
guaranteed revenue. This requirement has since been 
lowered, but originally the revenue required to cover 
all charges was computed on the following basis: interest, 
6 per cent; sinking fund and depreciation, 4 per cent; 
cost of power, 5 per cent; maintenance and patrol, 2 
per cent. 

Mr. Markwick's contribution to the discussion is of 
interest, and the curve accompanying his remarks is 
appreciated. 

Mr. Fennell asks why electricity is sold in New Zealand 
at a fiat rate; such is not the case. The Public Works 
Department functions only on the wholesale side of the 
selling business, and its method of charging for bulk 
supply is explained in the paper. The retail side of the 
business is handled by Power Boards and other local 
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authorities in the electric supply business. The schedules 
for retail supply vary somewhat in different districts, 
and in the majority of cases separate tariffs are designed 
for lighting, heating, and power respectively. As a 
general rule, the tariffs are so framed that the average 
price per unit decreases with increased consumption. 
Tariffs based on rateable values are unknown in New 
Zealand. 

Regarding expenditure of loan monies in Power Board 
districts, it may help Mr. Fennell to understand the 
position better if a specific example be cited. An electric- 
power district (which may or may not have an outer 
area incorporated in its constitution) covers 2 620 square 
miles, of which 1 648 square miles is inner '' area with 
a population of 52 000 and 972 square miles is outer 
area with a population of 3 000, The loan proposals 
are submitted only to the ratepayers of the “ inner ” 
area, whose properties are pledged as security for the 
loans. If the ratepayers in the “ outer area desire 
an electric supply they can obtain it by going through 
a prescribed legal process, and in this way they become 
absorbed into the original inner'' area. On com¬ 
pletion of this merging of territory a separate loan 
proposal to reticulate the newly added area is submitted 
to the ratepayers, whose properties in that area will be 
pledged as security for the loan if carried. The alter¬ 
native is for a Power Board to extend its lines beyond 
the boundaries of its “ inner ” area, the cost of such 
lines being paid out of accumulated profits as distinct 
from loan money, which cannot be legally spent beyond 
the boundaries of the area pledging the security. In 
the course of time the gradual absorption of the ‘"outer” 
area into the “ inner ” area will take place just as quickly 
as the financial prospects warrant it. 

In reply to Mr. Fennelhs query regarding the Electric 
Lines Act, 1884, this Act contained 68 sections dealing 
with the construction and regulation of lines for tele¬ 
graph and telephone purposes, and for electric lighting 
purposes. Power was given to make regulations for 
the public safety and for the removal of dangerous lines. 
This Act was administered by the Commissioner of 
Telegraphs, and in 1911 the Public Works Act was 
amended to provide for transferring the administration 
of electric lines for lighting, heating, and power purposes, 
to the Minister of Public Works. It is regretted that 
the large number of sections contained in the 1884 Act 
preclude the possibility of reducing them to a concise 
summary suitable for inclusion in this reply. 

Regarding the Wiremen’s Registration Act, the prin¬ 
cipal grounds for removal of names from the register 
are as follows: (1) Seriously defective work. (2) Two 
or more endorsements for defective work. (3) Imprison¬ 
ment. (4) Improper conduct. Since the Act came into 
force, three names have been removed under heading 
(1) and four under heading (3). Every 5 years the register 
is purged, after every wireman whose name appears in 
the register has been circularized; and if a wireman does 
not reply within the specified time, stating that he wishes 
Ms name retained on the register, his name disappears 
therefrom. The names so treated total 200 to date. 

In reply to Mr. Swale, the English pound sterling is 
wortli 25s. in New Zealand currency. The average retail 
prices in New Zealand for the competitive fuels mentioned 


by him are: paraffin, 2s. per gallon; gas, 8s. 6d. to 
10s. 6d, per 1 000 cub. ft.; domestic coal, 35s. to 60s. 
per ton. 

Electric water heaters are purchased by the consumer, 
but there is no uniformity in the method of charging 
for electricity used. Some supply authorities permit 
up to 22 hours’ service with time switches to cut off the 
heaters during the peak hours. Cylinders of 25-30- 
gallon capacity are fitted with 500- or 750-watt elements 
for the long-hour service, and an average charge is £1 
per annum per 100 watts. Where continuous service is 
available, the annual charge ranges from £12 to £15 
per kW. Other rates in use are: ^d. per unit between 
10 p.m. and 7.30 a.m., Jd. per unit on time-switch limit¬ 
ing the service to 18 hours, |d. per unit on change-over 
switch with electric range, and fd. per unit if thermostat 
and time-switch installed. The large number of time 
switches in use effectively remove the water-heating load 
during peak-load periods, otherwise embarrassment 
would result, as mentioned by Mr. Swale. 

It is not easy to give Mr. Swale exact figures showing 
the proportion of units used for industrial purposes, but 
an approximate value for the year ending 31st March, 
1934, appears to be in the vicinity of 252 millions, as 
against 416 millions for other purposes. 

In reply to Mr. Stewart, the rainfall in New Zealand 
varies from about 10 in. at Alexandra in Central Otago 
to a maximum of 300 in. 100 miles farther west. The 
intensity and distribution of rainfall is mainly deter¬ 
mined by the mountain ranges, and is particularly high 
where these face the west and correspondingly low where 
they face the east. Where not influenced by mountain 
ranges, the rainfall varies between 40 and 50 in. Rain¬ 
fall is generally well distributed, but there is a definite 
predominance in the period July-December. The snow- 
fed rivers of the Southern Alps, however, usually run 
high from September to May. The summer climate in 
New Zealand is not very different from that in England, 
but the winter climate is much warmer. Night frosts 
are common, but snow and ice are rare in the low country. 

The lakes in the South Island are generally available 
for current generation, Te Anau and Manapouri by 
diversion to the sea. The leading particulars of these 
lakes from north to south are:— 


Lake ' 

Area 

Height above 
sea level 

Mean flow 

Coleridge .. .. 

square miles 

14 

ft. 

1 672 

ciisecs. 

580 

Tekapo 

34 

2 321 

3 160 

Pukaki .. , 

31 . 

1 588 

5 350 

Ohau .. 

24 

1 720 

2 350 

Hawea 

45 

1062 

2 170 

Wanaka .. 

76 

928 

5 640 

Wakatipu .. .. 

no 

1069 

5 740 

Ta Anau .. .. 

138 

694 

9 750 

Manapouri 

56 

597 

4 180 

Monowai . , 

10-5 

670 

500 


Ice is never likely to give serious trouble in any of the 
lake schemes. Tekapo, only, makes ice in a very 
exceptional season. 
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The west coast of the South Island carries a com¬ 
paratively small population, and is largely forest-clad. 
The rivers are generally unsuitable for power production, 
on account of the large amount of greywacke shingle 
carried. 

The times of sunset in Auckland on the longest 
and shortest days are 7.14 p.m, and 4.41 p.m. respec¬ 
tively. 

Good-quality coal for steam-raising and domestic 
purposes is available in sufficient quantities without 
the necessity for importing supplies. 

Regarding average consumption per capita per annum, 
the gold-mining loads do not make an appreciable 
difference. The overall figure for the year ending 
31st March, 1934, was 472 units, and after deducting 


gold-mining and traction units the resulting figure was 
430. 

Mr, Stewart’s assumption regarding the use of elec¬ 
tricity profits for the relief of rates is not strictly correct, 
as, although Power Boards are prevented from so doing, 
it is still permissible for municipal councils to appropriate 
electricity funds for the above purpose. 

Mr. Ross’s questions are mainly covered by my replies 
to Messrs. Wilson, Swale, and Fennell. 

For the information of Mr. -Kidd, the redemption 
period of capital expenditure is generally fixed at 36j 
years, for expenditure by the Government and the earlier 
power supply authorities, although latterly there has 
been a tendency to reduce this period to about 25 years 
where the assets consist solely of distribution lines. 
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THE BREAKDOWN MECHANISM OF IMPREGNATED PAPER CABLES. 

By D. M. Robinson, Ph.D,, M.S., Associate Member. 

(Paper first received, 18/A July, and in final form 29/A November, 1934; read before the Transmission Section 20/A February, 1935.)' 


Summary. 

A new teclinique of cable examination has been developed. 
Incipient faults have been studied before actual breakdown 
with the aid of a microscope, the papers having been freed 
from oil and dyed to show up the waxing. The t 3 rpes of 
waxing observed are classified, and their part in breakdown 
is discussed. The deterioration is always found to be in 
connection with the conductor, generally through the gap of 
the first paper. The occurrence of'the maximum deteriora¬ 
tion at a distance from the conductor is explained, and a 
diagram showing the path of failure in an actual case is given. 

The conclusion reached is that failure originates from the 
ionization in a void in contact with the conductor, but that 
subsequent breakdown takes place by carbonization of the 
compound. Such carbonization requires time for its com¬ 
pletion and is the chief factor in the voltage/time-to-breakdown 
curve. It takes place both longitudinally, over the surface of 
the paper, and perpendicularly through it. 

The results obtained in the laboratory are compared with 
those in service, and the types of failure are described. 

The effect of d.c. stress on cables is discussed and the 
advantages of routine d.c. testing of feeders are explained on 
this basis. 


Contents. 
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Appendix. Technique of Examination of Arrested 
Failure. 

(1) Introduction. 

The examination of cable after failure, in service or in 
the testing laboratory, can give little clue to the mech¬ 
anism of breakdown, since the energy present in the final 
arc burns out the traces of the deterioration giving rise 
to failure. 

It is possible, however, from the indications of thermo¬ 
meters or thermo-couples located on the cable sheath, or 
alternatively'from the measurements of dielectric power 
factor obtained with the Schering bridge, to stop a 

No historical sumaiary of previous work has been made. Instead a 
chronological bibliography with appended notes is given. 


laboratory test before actual breakdown takes place, and 
thus to preserve the whole of the evidence. 

The author's colleague, Mr. G. M. Hamilton, has made 
the examination of the individual paper tapes of im¬ 
pregnated cables especially illuminating by developing 
the magenta wax test. This test depends on the insolu¬ 
bility of cable wax* in the usual organic solvents,! and 
the fact that paper protected by wax will not “ take 
a water-soluble dye. (Magenta dye has been chosen 
because of the contrast given in photographic work.) 

The result is that impregnated papers subjected to 
extraction and dyeing bear conclusive evidence of any 
waxing which has been produced upon them, even when 
the deposit is much lighter than any which could be seen 
on the impregnated paper before treatment. 

All the cables dealt with are of the type in which 
the dielectric consists of paper tapes about 1 in. wide 
lapped helically on to a stranded copper conductor, the 
whole being dried and evacuated at 120® C. for upwards of 
100 hours, with the tank pressure normally maintained 
below 1 mm of mercury during the final period. The hot 
impregnating compound, which consists of a paraffin-base 
oil with about 23 per cent of resin, is admitted without 
breaking the vacuum. 

The work herein described has been chiefly concerned 
with 66-kV single-core cables of modern manufacture, 
with the papers gapped that is to say a given paper 
does notoverlap " itself, but is so wound that a “ gap " 
of about Ttj is left between its adjacent edges. Sue- 
cessive papers “ overlay ” one another in such a manner 
as to give the longest possible leakage path from gap 
to gap in each direction. This is the so-called 50 : 50 
overlay, in which the centre of.the second paper lies 
exactly over the gap formed by the first paper, and so* 
on.J The direction of lay is normally, though not 
invariably, reversed every 6 papers. All the single-core 
cables discussed were provided with a final layer of 
punched metallized paper and were lead-sheathed in the 
normal manner. Both oval and circular conductors were 
used in the tests. 

Many modifications in construction, manufacture, and 
treatment, have been tried, and the effects of some of 
these are described. 

(2) Types of Waxing. 

Examination of the dyed papers from cables after- 
withdrawal from service or following laboratory tests, 
has shown that there are certain well-defined types of 

* Wax in cables is produced by the condensation of the hydrocarbons fomiing, 
the impregnating oil.' Formerly it was known to cable engineers as “ X ” and, 
“cheese,” but since it has been shown by Clark and Mrgudich [see Bibliography, 
(6)] to be similar in constitution to paraffin wax the term “ wax ’’ has been used! 
throughout this paper. 

t See Bibliography, (1). 

j Cables with different overlay (e.g. 60 % : 40 %) and cables in which each.^ 
paper overlaps itself have also been examined. 
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waxing. These have been designated as follows, typical 
examples being showai in Fig. 4 (see Plate 1, facing 
page 96). 

Void WaxingV' 

This occurs at random in any part of the dielectric, is 
quite irregular in shape and area, and is free from all 
carbonization and treeing. 

Gap Waxing. 

This occurs at the upper and lower boundaries of the 
helical space or “ gapformed between successive 
turns of a given paper tape. It, also, is free from 
carbonization. It is really a special case of void waxing, 
but is classed separately because it often occurs alone. 

Strand Waxing. 

This occurs only near the conductor as a result of the 
stranded shape of the latter, and the corresponding 
variations of stress. It is a maximum at the crest of 
the strand. 

Strand Space Waxing. 

This occurs in general only on the conductor side of 
the conductor paper between two strands, waxing at the 
crests of the strands being absent on account of the 
perfect contact between paper and copper. 

Bush Waxing. 

This comprises any waxing which occurs in association 
with carbon, even when only microscopic deposits of the 
latter are present. The type receives the name because 
it frequently consists of a waxed area with small fronds 
or streamers at its edges. Due to local conditions, it 
may take up the form of any of the first three types, 
but may always be distinguished from them by its 
distribution, origin, and the presence of carbon. 

(3) The Significance of Wax in Cable. 

The cables examined by the new post-mortem technique 
included :•— 

[а) Samples removed from both sound and faulty 
feeders after many years of service. 

(б) Full drum lengths after stability test for periods 
varying from 1 month to 2 years. 

[c) Short lengths subjected, for periods from 7 to 50 
days, to daily heat c^^-cles in conjunction with moderate 
over-stressing. 

[d) Short lengths overstressed without the application 
of loading current, i.e. voltage/time-to-breakdown 
samples (life 10-400 hours). 

[e) Samples subjected to d.c. stress only. 

(/) Unstressed samples after standing for upwards of 
one year. 

{g) Unstressed samples as received from the factory. 

The conclusions are:— 

(i) Waxing in a given region, however slight, is evidence 
of gaseous ionization at that point during some part of the 
life of the cable. 

In this paper the term “ void ” is used to denote any gas or vacuous space 
in the stressed region of the cable. 


(ii) On the other hand it is possible for gaseous ioniza¬ 
tion in a mild form to exist for several hours without 
forming enough wax to be detectable by the magenta 
wax test. 

(iii) Waxing may be found in any part of a cable 
which has at any time been under sufficient stress. 

The deposits are heaviest where 

(a) The stress is greatest. 

ip) The gas pockets or voids have the greatest thickness 
in the direction of the electric stress. 

[c) The gas pressure has been lowest. 

{d) The bombardment has been of longest duration. 

(iv) Heavy waxing may occur in patches isolated from 
any other deposits. In well-manufactured cable which 
has undergone a number of severe heat cycles with 
constantly applied stress equivalent to, say, twice work¬ 
ing voltage, the middle 25 per cent of the dielectric may 
be found heavily waxed, while the remainder is entirely 
free, 

. (v) In single-core cable no carbon is ever found in 
conjunction with wax occurring isolated within the 
dielectric wall. 

(vi) Cables can and do operate successfully when so 
thoroughly waxed throughout that no free oil remains. 

(vii) Well-manufactured homogeneous cable may 
break down without the preliminary formation of wax; 
alternatively wax may be formed only in the immediate 
neighbourhood of the failure. 

(viii) No waxing is caused by the application of d.c. 
stress to cables containing voids, at any rate up to 
1 000 kV per cm. 

(ix) No waxing is found in unstressed cables, either 
as received from the factory or after standing for long 
periods. 

(4) Arrested Breakdowns. 

The work now to be described is based in the first 
instance on experience gained from over-voltage testing 
of single-core cables in the laboratory with about three to 
four times working voltage applied for periods varying 
from 10 to 400 hours. 

On dissecting, in the usual manner, such a cable after 
it has shown a hot spot and been arrested before break¬ 
down, the following observations may be made:— 

(i) Under the sheath or metallized paper the dielectric 
is unaffected and remains so throughout the first 60 per 
cent or more of the dielectric wall. 

(ii) As the unwrapping is continued a dry region' 
appears, frequently accompanied by small spots of 
carbon in the gaps. A few papers farther down heavy 
treeing is found, and changes its longitudinal position 
systematically as successive layers of paper are removed. 

(iii) The severity and scope of the treeing decrease as 
the conductor is approached, the last few papers appear¬ 
ing to be untouched in many cases. 

To examine such treeing accurately, and to permit 
microscope work on individual papers, it is necessary to 
extract the compound or oil. The carbonization then 
shows up clearly, but waxing is only visible if severe. 
Since the waxing is often a valuable " background of 
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the carbonization in the examination of the cable, it is 
desirable in all cases to dye the papers and thus make 
visible every trace of wax. The papers are individually 
marked and numbered as they are removed from the 
cable, and after dyeing are re-located as described in the 
Appendix. 

A large number of ''failures*' arrested in various 
stages of development have been examined in detail in 
this manner. 

(5) Detailed Examination of Arrested Breakdowns. 

The maximum treeing and carbonization occur at a 
distance from the conductor, and on superficial examina¬ 
tion it is not apparent that there is any conducting path 
between this carbon and the copper. With the aid of 
a microscope, however, it is possible to find a carbonized 
track in connection both with the treeing and with the 
gap of the first paper on the conductor, the latter termina¬ 
tion of the track corresponding in general to some point 
of high stress on the conductor, e.g. the crest of a strand, 
a punch hole in the metallized conductor screen, etc. 


side. When the paper is dyed, this is particularly easy 
to see, as the dye penetrates only a fraction of the way 
from each surface. It is thus possible to scrape through 
the upper dyed region, and then through the central 
undyed portion till the first dyed fibres of the opposite 
surface are picked up. Apart from the surface scabs or 
tracks, the thread or core of black maintains a fairly 
uniform diameter of the order 0-05 to 0*2 mm. The 
former value is representative in the early stages and near 
the conductor. 

This " core " of black is not in any way weak mech¬ 
anically, and it is certainly not merely the carbonaceous 
filling of a puncture. It appears, indeed, that the cellu¬ 
lose fibres are relatively unaffected, the core being more 
of the nature of a deposit in the interstices of the paper 
matrix. There is no impression of burning—^i.e. there is 
no ash of any kind—^the carbon is dead black, while the 
fibres around it show no evidence of scorching, the cross- 
section of the core having a very definite boundary. 

While the upper termination of the deposit is, as 
already mentioned, a scab, at the most 0*5 mm diameter, 
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Fig. 2.—Mechanism of cable failure. Simplified case; 50 :50 overlay. 


The ‘only breaks which occur in this carbon track are 
those caused by the paper gaps which lie in its path. 

Examining the papers individually:— 

The conductor paper normally shows no burning, 
treeing, or carbon deposits, until cable breakdown has 
actually taken place. No pinholes have been found. 

The second paper from the conductor frequently 
appears entirely clear, or it may have slight gap waxing, 
arising from the gap in the first paper, but if it is examined 
just below any pock-marks or bush waxing on the paper 
immediately above* it, the microscope will reveal either 
a minute pucture or, more generally, a brownish-black 
fleck on the upper side. This is large enough to be seen 
with the naked eye when the paper is carefully examined, 
but is usually small enough to be missed or ignored in 
ordinary cable examination. 

The brownish-black fleck can usually be scraped off, 
giving the impression that it is merely surface deteriora¬ 
tion. Under the microscope, however, the fleck is seen 
to be a scab covering a much smaller spot of intense 
black. On teasing apart the paper in this region it is 
quite clear that the blackness extends through the paper 
and connects up with a minute pock-mark on the lower 

* For ease ot description the track is supposed to grow upwards from the 
conductor as represented in Figs. 1 and 2, and the terms “above,” “below, 
“uppfflT,” “lower,” etc., refer to such a case. In reality such a track may 
grow outwards from conductor to sheath in any direction.- 


the paper above it has on its lower surface a larger, 
blacker mark, showing already a tendency to tree forma¬ 
tion, although only 1 or 2 mm long. This minute tree has 
its origin immediately above the deposit in the second 
paper from the conductor, and if that deposit occurs 
just below a gap in the third paper the tree will form on 
the fourth; otherwise it will form on the third paper. 

This small tree may easily be scraped off the paper, 
which then may or may not show a small pock-mark. 
Microscopic examination of the top of the paper shows 
whether penetration has taken place. A number of cores 
may be found, very similar to that already described. 
Four of five is generally the limit in a region 3 or 4 mm 
square, but in general only one or two of these penetra¬ 
tions proceed farther. If part of the tree is below a gap 
in the paper above, this is the preferred region for 
"coring.*' ' 

The trees on successive papers gradually become larger 
until they are long enough to bridge from one gap to the 
next above across the intervening half-inch or so of paper 
surface, and'from this point outwards the main track is 
found to consist of a series of trees on successive paper 
tapes joined to each other through the gaps. This 
" step " mechanism is clearly seen in Fig. 1 (papers 176 
to 167), while Fig. 2 is an idealized typical example. 

In general, the main tracking extends longitudinally 
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in each direction. Part of the region between the two 
branches also contains smaller trees, and numerons cores 
originating from the branches of the main treeing. This 
secondary deterioration has been omitted from the 
idealized example (Fig. 2). 

Still farther from the conductor the trees reach their 
maximum extent, penetration from the branches con¬ 
tinuing for a few papers, and then deterioration stops 
relatively suddenly. 

The treeing is a deposit on the surface of the paper 
and does not affect the paper fibres until a very advanced 
stage. In the solid-t 5 ^e cable this deposit occurs only 
on the paper surfaces facing the direction from which 
the track is coming. Treeing and coring are always 
accompanied by waxing, however far out from the con¬ 
ductor they proceed. The wax formed near the con¬ 
ductor is generally limited to the gaps, and may be so 
little as to be invisible to the naked eye. On papers 
showing treeing the bush waxing is always present 
over a greater area than the treeing; and is well developed 
when the tree is just beginning. 

Systems of tracking of this type have been found in 
all stages from the conductor-gap core with the first 
small scab above it, to the advanced deterioration such as 
that represented in Fig. 1. No case of carbon occurring 
isolated within the dielectric, e.g. as a result of severe 
inter-layer ionization, has yet been found in the single¬ 
core cable. 

(6) Effect of Special Conditions. 

A. The application of gas pressure to the ends of an 
impregnated cable while under test results in a change of 
character of the deterioration. Fig. 5 (see Plate 1) shows 
the treeing obtained in such cables at 200 lb. per sq. in. in 
nitrogen, while Fig. 6 (Plate 2) shows for comparison the 
treeing obtained in the same type of cable at atmospheric 
pressure. The application of pressure clearly results 
in greater brilliancy and definition of the carbon tracks, 
but at the same time limits the waxing to the imme¬ 
diate vicinity of these tracks. Particularly in the finer 
examples from pressure cable [e.g. H, Fig. 5 (Plate 1)] it 
can be seen that the waxing only penetrates a certain 
distance from the track (about 1 mm), whereas under 
atmospheric pressure the bush-waxing fills the whole area 
around the advancing track. 

B. When the papers near the conductor of an ordinary 
solid-type cable are applied with an overlap instead of a 
gap the appearance of the deterioration is somewhat 
modified. 

The‘first stage is usually strand-waxing between the 
first and second papers from the conductor, arising in 
any void which happens to exist there, or is formed 
duripg the test. This strand waxing is exactly like the 
example in Fig. 4 (see Plate 1) and is followed by coring 
in many places from near the crest of the strand. Occa¬ 
sionally when the length tested happens to contain no 
such void, coring appears to commence direct from near 
the crest of the strand. After the first few papers the 
breakdown is scarcely distinguishable from that in a 
gapped cable. 

G. Tf the maximum stress locally at the lead sheath is 
for any reason greater than that at the conductor, the 
treeing mechanism commences at the sheath and works 


inwards towards the conductor, and the treeing takes 
place on the paper surfaces facing the sheath, i.e. again 
facing the direction from which the track is coming. 

This condition can be observed in the case of a cable 
with thin dielectric (0*l-in. wall) in which the stress at 
the conductor is diminished by sheathing the strand with 
lead. By smoothing out the stress irregularities at the 
strand an improvement of about 16 per cent is obtained 
in long-time breakdown voltage, but then the stress 
irregularities at the edges and perforation of the metal¬ 
lized paper H paper) come into play, and the treeing 
starts its journey inward as described. 

D. A more familiar case of the same sort occurs at 
points where the metallized paper is terminated in sealing 
ends or joints. If the stress-cone design is poor, or a 
small rough edge of metal is left at the base of the cone, 
the same type of treeing mechanism progresses from this 
point away from the metallized section of the cable. 
Usually this track steps down towards the conductor at 
each gap in the way already described for the true 
cable failures. 

E. When heat cycles are applied to any solid-type 
cable there is always the danger that, on the cooling 
cycle, low-pressure voids will be formed. By dyeing the 
papers the location of such “ breaks '' in the compound 
column are clearly shown. The waxing is more severe 
than in a space produced by drainage, where the pressure 
is atmospheric, but there is no evidence that ionization 
at a distance from the conductor has any influence on 
the eventual breakdown of the cable by the mechanism 
herein described. 

F. Samples of cable subjected to high-frequency 
voltage tests (250 000 cycles) show very much heavier 
waxing than those tested at commercial frequencies. 

(7) Summary of Experimental Evidence. 

Before proceeding to the theory of breakdown it will be 
well to summarize briefly the relevant experimental facts 
as follows:— 

In impregnated cable deteriorating undei: a.c. stress:— 

A. Carbonization starts from the conductor and 
“ grows outwards, choosing as origin any point of high 
stress on the latter. No carbon has been found isolated 
within the dielectric of a single-core or H " type cable. 

B. The gaps between papers are electrically weaker 
than the papers themselves, even when full of compound. 

C. Carbonization of the treeing variety is always 
accompanied by waxing, but not vice versa. 

D. The treeing normally takes place on the paper 
surfaces facing the direction from which the track 
progresses. 

E. The maximum apparent deterioration occurs at a 
distance from the conductor. 

F. The a.c. breakdown voltage is increased by:—- 

(а) Smoothing the conductor. 

(б) Overlapping the papers. 

(c) Ihcreasing the pressure by gas or oil. 

(d) Decreasing the porosity of the paper near the 

conductor, 

G. The a.c. breakdown voltage is lowered by heat 
cycles, but only when the test voltage is applied during 
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the cooling cycle, the ejffect being accentuated when 
supply of air or oil is prevented. 

H. Audio- or high-frequency discharge components 
can be detected in the charging current of all solid- 
±Ype cables at a sufficiently high voltage. The magni¬ 
tude of this discharge is greatest during the cooling 
cycle when the pressure is low, and is decreased by 
increase of pressure.* 

J. When void formation is prevented hy any means, 
e.g. the oil-filled cable:-— 

(a) The voltage/time-to-breakdown curve becomes flat 

after 3 or 4 hours. 

(b) There is no formation of wax. 

(c) No discharge can be detected. 

K. The impulse breakdown voltage of impregnated 
cable is not affected by pressure.t 

(8) Theory of Breakdown. 

Consideration of all the experimental evidence leads to 
the conclusion that the type of breakdown considered 
commences with ionization of a gas space in contact 
with either the conductor or the sheath. 

The impregnated paper consists of a matrix of fibres 
having the interstices filled with impregnating compound. 
The ionic bombardment at the electrode results in time in 
the disturbance of this impregnated barrier, the liquid 
being partly pushed out and partly condensed into 
heavier molecules with liberation of more gas. If the 
bombardment is sufficiently concentrated a path will 
eventually be driven through between the individual 
fibres of the paper matrix. 

As a result of special methods of testing (to be described 
in a further communication) it has been proved that when 
the ionizing stream first penetrates a given paper there is 
no core of carbon visible in the microscope. Some time 
(minutes or hours according to severity) is generally 
necessary before sufficient carbon is accumulated to be 
distinguishable as a core. 

During this period, however, the spark continues to 
flash through the embryo core. This spark now extends 
from the conductor through one paper to the lower 
surface of the third or fourth paper, its potential through- 
out being almost that of the conductor. The papers of 
the dielectric have, however, potentials corresponding 
to their position in the wall. Thus between the ionized 
column and each paper with which it comes in contact 
there exists a potential difference, the value of which 
increases with the distance of the paper considered from 
the conductor. 

The tangential stress thus arising results in a surface 
discharge leading to condensation (with formation of 
wax), and finally carbonization of the compound in that 
random way which we call “ treeing.” This carbonization 
occurs in the “ preferred tracks ” of the spark. No trace 
is left on the upper surfaces of the papers in the early 
stages, because the track, being at conductor potential, 
is repelled from the copper and thus attacks the film of 
compound on the under surfaces. 

The increase in the length and severity of the trees as 

* See Bibliography, (18), -f Ibid., (10). 


the track proceeds outwards is due to the increasing 
tangential stress, the mechanism consisting more and 
more of the tree-gap-tree type as the track advances. 
For a given stress, breakdown across a surface takes 
place more quickly than through the paper, because 
in the former the barrier action of the paper fibres is 
absent and the electron bombardment is able to sweep 
before it the film of excess compound between paper 
surfaces, thus leaving the space free for ionization and 
tracking. 

Let Vc be the potential of the conductor at a given 
time, Vp the normal potential of the paper under con¬ 
sideration, and e the voltage-drbp along the track up 
to the paper considered. Then the tangential stress 

- K{Vc ~~ Vp- e). 

The further mechanism of deterioration now’ depends 
on the voltage-drop e. 

Case L If the voltage-drop is negligible the track is 
everywhere substantially at conductor potential. 

Case II. On the other hand e may be small initial^ 
but rise as the trees develop and the current to be passed 
through this column increases. The rate at which new 
trees can be formed and penetration to new layers can 
take place then becomes dependent on the rate at which 
the main Column can be burnt down to a lower resistance. 

For Case I it is apparent why the dielectric between 
the copper and the overhanging branches of the track is 
undeteriorated (see P'ig. !).• The track, being almost at 
conductor potential, shields the dielectric of this region 
from stress. In the crutch between the two main 
branches of the track the dielectric is still subjected to 
stress, which is no longer uniform or purely radial. There 
is tangential stress but it does not lead to the formation 
of long directional trees like those of the two main 
branches, because the current per layer to be supplied by 
the track is limited to that required by a small area of 
paper. The difference in the character of the deteriora¬ 
tion is indicated in Fig. 1, the carbonization in the 
crutch being patchy. On the papers themselves this 
difference is very obvious. 

For Case II, the whole system of the developing fault 
at any given moment is that of a transmission line having 
distributed resistance and distributed leakage. 

The curve PQR (Fig. 3) shows Vp as a function of the 
distance from the conductor for a 0*5-sq. in. 66-kV 
circular cable with screened conductor. 

In the early stages, when the track has first penetrated 
and the current through it is small, the voltage along it 
may be represented by PM. (For simplification of theory 
and drawings the dielectric has been assumed to consist 
of a few very thick papers.) The length of the ordinate 
between PM and PQR at any point represents the tan¬ 
gential voltage acting. These tangential voltages cause 
treeing on each surface in amount dependent on the 
voltage and the time for which it acts. The current 
taken through the main track to supply the branches 
results in a drop of voltage along the path (curve PST). 
Meanwhile the sideways travel has given the track 
further chance to go ahead, as shown by TUW. This 
results in the production of further tangential voltages. 
For each paper the process of treeing continues until 
the voltage of the outer carbon fronds at that paper 
has been brought down so near to the normal value 
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according to position that the available tangential stress 
is below that required to cause treeing. 

From the observed character of the deterioration it is 
difficult to say whether Case I or Case II is the better 
approximation to the truth, the only guide being the 
shielding effect of the branches,” which indicates that 
these have a potential very different from that of the 
papers through which they pass. 

Actual tests on a tree system at a stress of about 
150 kV/cm, in which good contact was made with the 
carbon track by means of mercury, showed it to have 
an equivalent resistance of 125 000 ohms through 17 
papers with about 100 mA flowing. From this it can 
be shown that during the penetration process the drop 
along the main track is small in comparison with the 
test voltage and remains so until the carbon chain 
actually stretches from the copper to the sheath. 

It is very likely that during the progress of deteriora¬ 
tion the major drop occurs in the outer fronds or just 



Distance from centre of copper 


Fig. 3. —^Mechanism of failure in voltage/time-to-breakdown 
tests, illustrating how tangential stress arises during 
breakdown. 

PQR is the potential curve for a 0* 5-sq. in. circular screened 66-kV cable, and 
is drawn to scale. To illustrate simply the production of tangential stress the 
dielectric is assumed to consist of 15 very thick papers. This does not affect 
the argument. The curve PSTUW is hypothetical. 

beyond them, and that this drop is required for the 
ionizing-carbonizing mechanism occurring there. 

In any case the slow carbonization mechanism clearly 
plays a large part in determining the shape of the time- 
to-breakdown curve. The individual papers are being 
worked well below the puncture or d.c. breakdown stress, 
and the only method by which failure can proceed is by 
carbonization of the compound radially and tangentially. 

In practice two types of breakdown have been 
observed, commencing as described above and accom¬ 
panied by extensive treeing but distinct in the later 
stages. One type is distinguished by a direct radial 
bum-out, while in the other the fault takes a long slant¬ 
ing path from the conductor to the sheath, following the 
treeing track as shown in Fig. 2. A. F. C. Adye has 
shown* that high-voltage, short-time tests on 66-kV 
cable give the radial type of breakdown, accompanied 
by severe local scorching of the paper, and the conclusion 

* L. G. Brazier (see Bibliography, 22). 


is that in such a test the final breakdown is due to thermal 
instability initiated by the intense liberation of energy at 
the centre of the deteriorating region. 

The non-radial type of fault occurs at lower voltages 
where the heat evolution due to dielectric loss is much 
less and thermal instability does not arise, e.g. in service. 
In this case the tracking actually reaches the sheath, 
but owing to the high resistance of the former the current 
which flows through it is not necessarily sufficient to bring 
out the circuit breakers on a commercial feeder at once. 
In time, however, this track will be burnt down to a 
lower resistance and eventually a fault arc will pass, 
charring out a long slanting hole between copper and 
sheath. 

The new technique of cable testing and cable dissection 
using the Sobering bridge, sheath thermo-couples, and the 
dyed-paper test for wax, has so far enabled three distinct 
types of breakdown to be differentiated. Since deteriora¬ 
tion arising from one cause may conceivably result in a 
failure of mixed type, as already explained above, it is 
safest to class the types according to their initial phe¬ 
nomena, as follows:— 

(1) Tracking-type failure, with which this paper has 
exclusively dealt. 

(2) Failure by thermal instability.* 

(3) Disruptive faUure. 

The second is accompanied by scorching and is dis¬ 
tinguished from the first by being free of waxing, treeing, 
and carbon cores, and in general by a cleaner type of 
fault. Further, the tracking-tjTpe failure starts, and 
progresses most rapidly, when the cable is off load 
(particularly when the load has just been removed), 
while the thermal type is started and normally completed 
at times of heavy load. 

” Disruptive failure ” is the name covering our 
ignorance of what takes place when a perfect cable is 
broken down by direct-current impulse voltage, or by 
a.c. stress sufficient to cause failure in a few seconds. 
The puncture is small, there is neither carbonization, 
waxing, nor scorching, no appreciable rise of temperature 
occurs, and with direct current there is no evidence of any 
time effect at room temperature, i.e. it appears that the 
cable will withstand indefinitely a voltage equal to 
95 per cent of that which would break it down imme¬ 
diately. The stress required for this type of breakdown 
is of the order of six times the peak stress used for 
100-hour a.c. breakdown. 

(9) The Effect of Direct-Current vStress. 

An understanding of the way in which the tracking 
mechanism causes failure in cables subjected to long¬ 
time a.c. stress enables us to realize why similar cable is 
able to withstand, for long times, the very high d.c. 
stresses mentioned above, and why no deterioration 
arises from such stressing.' 

It has already been mentioned (Section 3) that d.c. 
stressing of cables containing voids does not give rise 
to any waxing which can be detected by the very sensitive 
wax test. This leads one to ask whether ionization is 
absent, or whether it occurs but is insufficient to cause 
condensation of the oil. 

* L. G. Brazier: /oc, 
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Fig. 4.—Individual papers from various cables, showing the types of waxing. 

(а) Void waxing. (e) Strand-space waxing. 

(б) Gap waxing. (/) Waxing at overlap and punch holes of conductor screening, 

(c) Strand waxing. (g) Bush waxing. 

(4 Strand effect in gap. (/?) Severe void, gap, and bush waxing. 
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Fig. 6.—Individual papers showing treeing in impregnated cable at atmospheric pressure. 
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The following experiment, which has been repeated 
many times on diferent types of impregnated cable, 
gives an insight into the problem. 

A drum length of cable was cut into 6-yard lengths 
and a number of the samples were tested on alternating 
current only, at suitable voltages so that a voltage/time- 
to-breakdown curve was established. The remaining 
samples were subjected to the same set of a.c, voltages 
but had in addition a d.c. voltage of the same value as 
the peak of the a.c. voltage superimposed upon them, the 
sign of the direct current being in some cases such that 
the resultant voltage between conductor and sheath 
varied from zero to a negative maximum of — 2 \/(2}V, 
while for the others the limits were zero and + 2\/(2)V, 
i.e. in the first group the conductor never became positive 
and in the second group never negative. Fig. 7 shows 
graphically the resultant voltage applied to the cable 
in each case, and the method of obtaining this result. 
In Fig. 7 (d), B is a blocking condenser of large capacitance 
compared with the test cable, and serves to prevent the 
rectified current from passing through the transformer 
secondary while presenting a sufficiently low impedance 
to the a.c. charging current. Then, provided the leakages 
in the system are small, the superimposed d.c. voltage 
automatically reaches the peak value of the a.c. voltage 
applied to the test cable. 

On comparing the performance of these three groups 
of cable it was found that the dielectric was completely 
indifferent to the presence of the d.c. stress, even though 
the value of the d.c. stress applied was more than five 
times the highest working stresses used in modem 

solid ” cable, i.e. the time to breakdown is determined 
only by the value of the a.c. voltage and is unaffected 
by the superimposition of a positive or negative d.c. 
stress. 

The explanation of this at first rather surprising result 
is somewhat as follows. 

The damage which the ions do to the paper-oil barrier 
depends on the speed with which they bombard it, the 
time, and probably also on the number of hits per unit 
area. The speed is a function of the stress in the void, 
but this stress is not simply the working stress of the 
cable at that point, since the stress is relieved or 
neutralized by the operation of the space charges. 

In the case of d.c. stress alone applied to the cable 
the voids within it ionize when the stress across them 
reaches a sufficient value. The ionization continues 
until the space charges set up are of sufficient magnitude 
to reduce the stress below the ionizing value (Fig. 7e). 
A very small fraction of a second is sufficient for the 
completion of this process, so that the ionization under 
such conditions is merely a momentary flash sufficient 
to charge the opposite surfaces. The leaking-away of 
this space charge can be made up by leakage round the 
boundaries of the void. If the stress is slowly applied 
in the first instance the flash of ionization may never 
take place, the current required for the neutralizing 
charges having time to flow round the void. 

On sudden removal of the d.c. stress the voids flash- 
ionize again in the reverse direction, as the space charges 
collapse together and neutralize one another. Thfis a 
d.c. test lasting thousands of hours results at the most 
in a few flashes of ionization at switching. ' : ■ 

VoL. 77. 


Now when a.c. stress is applied to the cable the con¬ 
tinual reversal of the polarity means a continual forma¬ 
tion and collapse of space charge in every ionizing void 
space. This must be done 100 times per second when 
the frequency is 50 cycles per sec. In the short time 
of one half-cycle negligible charging can be accomplished 



Sheath this side and positive 



Conductor this side and negative 

Fig. 7.— A.C. cable-testing with d.c. bias. 

(a) The component voltages, when the position of the d.c. supply is connected 
to the conductor of the cable. 

(&) The resultant voltage applied in the above case. 

(c) The resultant when the negative of the d.c. supply is connected to the 

conductor of the cable. 

(d) The circuit as connected to obtain (c). 

(e) Steady-state condition in voids under d.c. stress; illustrating how space 

charge caused by ionization relieves the stress across a void. The ioniza¬ 
tion continues until the space charge is such that the resultant stress 
across the void is below the ionizing stress. 

by leakage round the sides, and the whole current must 
be carried by ionization. 

Thus while a d.c. test of 3 hours’ duration results in at 
most two flashes of ionization (if the voltage is suddenly 
applied and removed) a 50-cycle test lasting the same 
time means more than a million volleys of ionization. 

When the d.c. stress is superimposed on the alternating 
current as in the experiment described, the stress across 

ly 
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the voids is not doubled as might at first sight seem 'o 
be the case. The addition of the direct current merely 
means a piling-up of a permanent component o 
charge in the void and not in an increase m the speed 
or number of the bombarding particles. It is for th 
reason that breakdown is a function of the a c. stress 
and is not affected by the application of the direct current. 
This fact has for some years found very useful app ica ion 
in the routine d.c. testing of feeders at regular intervals 
It has been proved in nse that by this means incipien 
faults, which would have caused interruptions to service 
if occurring later while the cable was m use, can e 
detected and removed with the minimum of troub e. 

The maximum voltage recommended has been 5 times 
the r.m.s. working voltage. It is not surprising tta e 
advisability of over-stressing cables to this extent shou 
have been questioned. The practical answer is that the 
operation of the feeders after d.c. test has een reCT o 
trouble than before such tests, while the laboratory 
results mentioned above certainly show that a d c. stress 
of this magnitude does not shorten the life of the cable, 
even when applied for some hundreds of hours. IJoes 
a knowledge of the tracking mechanism help us to under¬ 
stand how the d.c. test succeeds in picking out mcipien 
faults before they break down in service ? , . , j 

Consider the case of a track such as that depicted 
in Figs. 1 and 2, which has penetrated some way 
through the dielectric. In the case of a.c. stress i ^ as 
been shown (Section 8) that the potential of the advancmg 
head may be somewhat less than conductor potential 
because of the charging current carried by the track. 
When direct current is applied to the conductor the 
charging is rapidly completed and every part of the 
track is then at full conductor potential. Even at tne 
highest d.c. stresses, however, no carbonization or 
extension of the treeing takes place before breakdown, 
because of the fleeting character of the ionization and the 

very small current densities involved. 

Breakdown will take place between the outermost 
portion of the carbon track and the sheath when the 
applied voltage reaches the d.c. breakdown voltage for 
the particular thickness and quality of the dielectric 

conc6i*nGci 

The d.c. “ rupture voltage ” of a given thickness of 
good-quality impregnated paper is fairly well known. 
It is thus possible in any given case to choose a a.c. 
test voltage which is sufficiently high to caus.e ^Pyre 
where there has been a serious reduction of efiective 
wall thickness, while being cerinin, on the other hand, 
that no rupture of good cable will take place. 


(10) Application of the Theory. 

It will now be profitable, in the light of the theory y 
deterioration evolved, to consider and interpret t e 
experimental evidence already summarized, -me resu ^ s 
obtained by other investigators, ^ and the changes in 
mechanism brought about by special conditions. ^ 

Smoothing the conductor causes an increase in tne 
a.c. breakdown voltage because the severe local stresses 
at the conductor are thereby eliminated. _ Overiappmg 
the papers near the conductor has a similar efiec , as 
the iW gap-voids are eliminated and a higher staess is 
required to cause equivalent damage. The elimination 


of the gaps also results in a slight change of the mech¬ 
anism; ionization in a void between the first and ^ecmd 
papers from the conductor ca,uses an 
across the former, which results m 
some small 

between the conductor paper and the ciest or rn 

The ionized stream then develops as usual throUe,h t e 

^TnL“at?irf the gas pressure in the voids decreases the 

severity of the ionization by reducing 
of the electron. Conversely, decrease 

increases the mean ^ decrease of 

breakdown voltage. In practice sucn a ue 

pressure takes place when the cable is coolin^ h 

ae tendency for tracking failure to 

mentioned above. Both waxing and y® 

high-frequency discharges are particularly^ 

the compound column “ breaks ” at any point due to the 
tne compuuii break occurs in 

compound contraction,* and it sucli a ^ , 

the dielectric near the conductor, ^l^de the cable is und^ 

high electric stress, coring will invariably be found th . 

Since coring is believed to be due to penetration y 

ionic stream followed by carbonization of the compound 

in the inter-fibre spaces, the fibres themselves being 

unaffected, it is to be expected that the re^stmce o 

papers to this type of breakdown will be greyer the 

closer the fibre structure becomes, i.e. ^ 

porosity. This can be shown to be the case both 
imprecated cable and for impregnated test condensers 
Fig 8 shows the relation between the porosityl of 
manSa papers composing a test condenser and the 

breakdown voltage (short-time value). 

Experimental cables were also made with these pap^, 
and the curve obtained by plotting toe to ^reakdo^ 
at a given voltage against porosity (Fig. 9) 
definitely the advantage to be obtained by a decrease 

in the porosity of the paper.J _ _ ^ s 

Evidence of the same nature is given_ by Emanueh^ 
Comparative condensers were made up with low-porosity 
papers sandwiched between high-porosity (filter) papers 
Ld vice versa, the number of sheets of each sort of 
paper being the same for the two cases._ OnjolUgelhme- 
to-breakdown tests the condensers with the filter p p 
adiacent to the electrodes gave an “ asymptotic value 1| 
of 260 kV/cm. wMle the corresponding value for the low- 

porosity papers was 300 kV/cm. ^ 

The normal condensers tested by Emanueli w 
impregnated under vacuum in thin oil. In order o 
obLw the effect of including air, thick oil was used to 
air deliberately let in. The “ asymptotic breato^ 
value was reduced thereby from 320 kV/cm to 150 kV/cm, 
showing very clearly the effect of gas inclusions. 

The fact teat even in the breakdown of impregnated 
condensers it is tee quality of tee papers nea,r the 
electrodes which exerts tee major influence makes it 
very probable teat tee failure in such ®°udeusers ads 
ori^ates by coring from the electrodes. Arrested 
breakdown cannot be obtained in these cases because 


t Absolute porosity, as defined by Emanueli m his book S S 

Cables (Chapman and Hall, 1929). 

See Bibliography, (11). 

S^ptotic value. The limiting stress value to which the curve tends at 
long times (100-300 hours). 
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the stress must be very high to start the process and 
then failure follows very quickly. If the surface 
charging current is greatly increased by testing at a high 
frequency, however, the beginning of the process can be 
detected and arrested breakdowns may be obtained. In 
such cases a small tree is formed on the paper surface 
opposing the progress of the track, exactly as in cables. 


The possible origins of a gas-filled or void space in the 
dielectric are:—* 

(a) Manufacture. 

(b) Severe mechanical treatment. 

(c) Evolution of dissolved gas due to change of tem¬ 
perature or pressure. 

(d) Drainage. 



Fig. 8.—Relation between short-time a.c. breakdown stress of impregnated test 
condensers and porosity of paper of which condensers are made. 



Fig. 9.—-Effect of porosity of the paper on the time to breakdown of impregnated- 
paper cable. 0-25-sq. in. stranded cable; 0-33-in. wall. Time to breakdown at 
99 kV (max. stress 171 kV/cm). All cables made with 40 : 60 overlay. 


(11) Voids, their Formation and Influence. 

The fact that tracking in all the cases examined com¬ 
menced either at the conductor or at the sheath does not, 
of itself, exclude the possibility of breakdown by a 
linking-up of the voids within the dielectric, and it is 
therefore desirable to discuss here the occurrence and 
effect of gaseous spaces within the cable in the light of 
the very definite evidence provided by the magenta wax 
test. 


{e) ** Cavitation on cooling. 

(/) Gas produced in the condensation process due to 
void ionization nearby. 

(g) Gas produced by t’feeing from the conductor or 
sheath.' - 

The term “ drainageis to be understood as covering 
any case where voids are formed due to the flow of 
compound by gravity. The normal cases are:— 

See Bibliography, (31). 
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(i) Flow within the cable while standing on the drum. 

(ii) Bleeding when opened or cut for jointing, etc. 

(iii) Flow on gradients and vertical rises. 


Obviously, (i) may be severe if the cable stands in the 
sun, or is shipped near boilers, etc., and (iii) becomes 
increasingly important as the operating temperature 
rises. 

The wax test indicates that the sheath and strand 
spaces drain first, and that these are followed by the 
helical gaps in the body of the dielectric. 

In all these cases air replaces the compound in the 
drained spaces, this air either having been present 
originally or creeping in under atmospheric pressure. 

In well-manufactured and carefully-handled cable, 
(a), (&), and (c), are absent, and if a sample is V.T.B.* 
tested in such a way as to prevent drainage, no ionization 
or waxing will take place until the “ tracking breakdown 
commences from the conductor, i.e. until the maximum 
stress exceeds about 150 kV/cm, 

If, however, the same sample is subjected to load 
cycles cavitation will invariably occur on cooling, 
and if the voltage is applied during this period ionization 
and waxing will take place. By cavitation is meant 
a breakof the compound analogous to that which 
occurs in a water or oil pipe when the pressure is too 
low.f Possibly in cable this break actually results 
in the evolution of gas or vapour from the paper or 
compound, and from this point of view (c) and (e) are 
similar; (c) being meant to cover the results of poor 
degasification, etc., while cavitation ** must occur, 
however perfect the cable, e.g. the Toricellian vacuum 
in a barometer. Clearly for cables in a vertical position 
drainage and '' cavitation will combine in determining 
the void formation. 

It is not known whether further gas is produced in 
mid-dielectric voids in conjunction with the waxing, or 
to what extent the gases, if produced, are able to spread 
in the longitudinal or radial directions and thus cause 
further void spaces and additional waxing. The well- 
defined character of void and gap waxing in many long¬ 
time tests suggests that such travel is either limited or 
does not occur at all. No case has been observed, even 
at the highest stresses, of the ionized films linking up 
electrically from layer to layer across the surfaces and 
through the gaps in the way that has been suggested by 
many cable engineers. The reason for this has become 
apparent from the visual studies of ionization now being 
made. Inter-layer ionization causes only a very slight 
distortion of the electric field, and the stress component 
tangential to the paper surface is not of sufficient 
magnitude or extent to give rise to the tangential 
ionization which would provide the linking mentioned 
above. 


On the other hand, the tree advancing from the con¬ 
ductor produces very severe and extensive stress dis¬ 
tortion, and the resultant tangential ionization leads to 
inter-layer linkage, as already described in Sections (5) 
and (8). 

The tree discharge not only advances from gap to gap 


Voltage/time-to-breakdown test, i.e. an excess-voltage test 
without appKcation of loading current. ^ 

used marine engineers in propeller design. In this 
case the break is caused by local low pressure due to the propeller speed. 


and paper to paper as described, but it produces a con¬ 
siderable amount of gas by condensation of compound 
into wax, and we have reasonably good evidence that 
this gas (a) prepares the way '' for the further progres¬ 
sion of the discharge, and (&) spreads to a limited extent 
along the helical gaps in directions other than that taken 
by the discharge itself. 

The action (6) is purely mechanical, as shown by the 
way it follows the path of least resistance, and does not 
creep between the paper surfaces. It is due to the 
pressure of gas produced forcing the compound away. 

The action (a) is mainly the result of the ionic bom¬ 
bardment acting on the oil film which it meets. This 
bombardment has the same effect as a gas pressure, but 
acts only in the direction of the field, which in the case 
discussed is tangential to the paper surface. Hence the 
gas in this case progresses not helically but longitudinally, 
parallel to the conductor, the “ pressure being sufficient 
to drive out the oil between adjacent paper layers. 

. (12) Conclusions. 

(1) Breakdown of impregnated cables normally takes 
place as a result of the slow carbonization familiar to the 
cable engineer as treeing.'* In single-core cable the 
carbon track can always be traced back either to the 
conductor or to the sheath, almost always the former. 
The carbon is formed from the compound, not from the 
paper. 

(2) There is as yet no evidence that waxing, which can 
occur isolated in any part of the dielectric, afiects or 
accelerates this t37pe of breakdown in any way. On the 
other hand, treeing is always accompanied by waxing in 
its immediate vicinity. 

(3) It is believed that moderate void ionization does 
not produce gas cumulatively, and, further, that it does 
not link up electrically from one gap to the next above, 
thus reducing the dielectric wall. 

(4) The vigorous conductor discharge which leads to 
treeing produces a quantity of gas which (a) spreads 
longitudinally by electrical bombardment, thus linking 
one gap to the next above, and (b) spreads helically by 
expansion under its own gas pressure. 

(5) For the carbon tracking to continue its progress 
through a paper or over a surface a certain current 
density " must be exceeded, and it appears that for 
modern single-core cable, even at stresses many times 
greater than the present working values, discharges of 
the requisite density commence only at the conductor or 
sheath, and never in voids within the dielectric. 

(6) Other things being equal, the current density ” 
is large for high frequencies, and very small in the case 
of d.c. stress; hence breakdown by slow carbonization 
along a track is not possible with direct current, and 
for this reason the d.c. breakdown voltage does not 
depend to an appreciable extent on the duration of 
application. 

(7) The ‘Carbonization mechanism is a major factor in 
the well-known voltage/time-to-breakdown curve for 
alternating current, a high voltage resulting in quicker 
development of the cores and trees. The voltage to 
which this curve becomes asymptotic is the voltage below 
which no coring of the papers next to the conductor 
takes place. 
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(8) Breakdowns in service, under stability test and on 
short-time test (10-200 hours), all appear to originate in 
the same manner; but, with the highly-stressed test 
samples, thermal instability induced by the heat of 
deterioration causes direct breakdown when the deteriora¬ 
tion has penetrated through about one-sixth to one- 
quarter of the total dielectric, whereas when the stress 
is lower, as in service, the tracking extends much farther, 
sometimes even to the sheath. The resistance of such a 
carbonized track is initially very high, and it is probably 
“burnt down’' until the current is sufficient to bring 
out the circuit breakers. 

(9) The initiation of the process of carbonization 
through the papers near the conductor is delayed or 
prevented by 

(а) Decreasing the maximum stress; 

(б) Avoiding gaps or voids in this region; and 

{c) Decreasing the porosity of the paper. 

(10) The great discrepancy between the a.c. breakdown 
strength of small laboratory samples of impregnated 
paper and that of cables is due to the fact that the latter 
always contain voids near the conductor comparable in 
size with the helical gaps, while voids in the former if 
present are very much smaller, and may even be sub- 
microscopic. 
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APPENDIX. 

Technique of Examination of Arrested Failure. 

The papers are removed from the faulty section of 
cable until the deterioration shows up through the 
papers. The dielectric is then cut circumferentially at 
two points, so as to include, if possible, the whole of the 
region deteriorated between these two cuts. 

The papers in the section so cut are then removed, and 
each paper is marked on the inside at the end adjoining 
the nearest sealing end, with the cable sample number 
and paper number (counting from the sheath). At the 
change of lay, special care is required. The last paper 
of the lay is doubled back on itself about 1 in. at the 
tapered end, and a mark made on the top paper of the next 
lay at the corresponding point, so that the two can subse¬ 
quently be located. The mutual positions of the papers 
in any group of six are given by the diagonal cuts at 
the ends, together with the gap waxing marks. The 
punching of two small holes through the dielectric, 
i in. to f in. apart, before removal of the samples, greatly 
assists in location should the gap waxing be too faint. 

It is advisable to remove the papers on the adjacent 
sections of cable, paper for paper, with those of the test 
section between cuts, and to take further samples if the 
deterioration extends beyond the section originally cut. 
The additional samples are numbered as the others, with 
the addition of some distinguishing mark or letter. 

The samples should be rubbed as little as possible, as 
in the advanced stage the whole of the waxing and treeing 
is liable to flake off, especially after extraction. 

The samples having been extracted and dyed, detailed 
examination may now proceed at the office desk. While 
it is possible to examine the path of deterioration by 
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Fig. 10.—Re-location of cable papers. 


winding the papers back on to a mandrel of the appro¬ 
priate diameter, it will be found much quicker to locate 
them mutually on a flat surface, following rules which 
may best be explained by means of an example. 

Consider the three papers 26 to 28 (Fig. 10), with 
50 : 60 overlay. When unrolled as a group on to a 
plane surface, the appearance of the ends will be as in {a ). 
Drawing papers 27 and 28 alone it is clear that the 
common area is that shown shaded in (&). But these two 
papers are also in contact over the areas unshaded in (&). 
This contact, and the necessary positions of the ends, are 
shown in {c). For any overlay other than 60 : 50, the 
position must be modified accordingly. 

In addition to the direct contact between these paper 
surfaces, there is 

(i) The possible path from 28 to 26 through the gap 
of 27. 

(ii) The possible path from edge to edge of any paper 
across the gap between its edges. 

In the example given (i) is obtained by direct super¬ 
position of 28 on 26 as in Fig. 10(d). This again must be 
modified for overlays other than 50 : 50, but the gap 
waxing, or failing that the holes punched as recommended 
above, greatly assist in this location, once the general 
rules are appreciated. 

To examine the possibility (ii) it is only necessary to 
realize that the contiguous points when the paper is on 
the cable are one circumference separated from each 
other measured diagonally across the paper at the same 
angle as the diagonal end-cut, which is itself one circum¬ 
ference long, e.g. in Fig. 10(<3), P and Q are contiguous 
points because they are the extremities of a line parallel 
to the cut edge AB, likewise RS. 

At the change of lay, gap-waxing frequently shows 
exactly the position of the cross-overs, but in order to 
examine, say, a core at X, care must be taken that the 
papers are located as shown by Fig. 11; the triangular 
cuts A and B must be in the same straight line and not 


merely parallel to each other. These rules are readily 
appreciated by actually unwinding a few papers with 
mutual location in mind. 

Examination should be started with the papers near 
the conductor. The third or fourth paper out from the 



Fig. 11.—Re-location of cable papers at the change of lay. 

copper will generally show some small pock-marks, and 
these assist in finding the still smaller marks or punctures 
in the second paper out. In this way, by tracing back, 
it is possible to find from which point or points the main 
deterioration started. 



[The discussion on this paper will be found on page 116.' 
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THE BREAKDOWN OF CABLES BY THERMAL INSTABILITY. 

By L. G. Brazier, Ph.D., B.Sc., Associate Member. 

{Paper first received 21s2: November, 1934, and in final form 22nd February, 1935; read before the Transmission Section 

20^^ February, 1935.) 


Summary, 

An approximate method is described by which the problem 
of thermal stability of the cylindrical dielectric of a cable can 
be investigated. This involves the problem of deducing the 
dielectric loss angle* against electric stress characteristic, 
for the given dielectric, from measurements of dielectric loss 
angle against voltage made upon a cable; and methods are 
described for carrying out this conversion. Predictions made 
by these methods are supported by experimental results. The 
post-mortem characteiistics of thermal-instability failures are 
described, so that these can be diagnosed and distinguished 
from failures of the tracking and other types. An account is 
given of the cable failures met with in excess voltage testing 
in the laboratory, in which there is a transition from break¬ 
down of the tracking type to a final breakdown by thermal 

instability. 

« 


In studying the breakdown of cables, two main classes 
of breakdown mechanism have been delineated, apart 
from the case of instantaneous dielectric rupture which 
only occurs with excessively high voltage. One class, 
which has been termed tracking breakdown,*' has been 
fully described by Robinson.f The second main class is 
breakdown by thermal instability, and the purpose of 
the present paper is to describe methods of determining 
the incidence and general characteristics of failures of 
this type. These two classes overlap in some respects. 
As described later in the paper, breakdown purely by 
the tracking mechanism is rarely completed, but at a 
certain stage the extra heat generated by the tracking 
mechanism results in the dielectric being thrown into 
thermal instability. A study of the transition point in 
difiFerent classes of cable and under different test condi¬ 
tions has proved to be of great interest. 

The breakdown of dielectrics by thermal instability 
has been discussed for a long time, and a voluminous 
literature exists, of which a valuable account has been 
given by Whitehead.J Very little attention, however, 
appears to have been paid to the question of thermal 
instability in cables. This is probably due to the 
difficulty of any rigid mathematical treatment of the case. 
Occasionally, where the matter has been mentioned, an 
inadequate method of treatment has led to the erroneous 
view that there is only a remote likelihood of thermal 
instability arising in cables under ordinary conditions 
of usage. 

The present investigation was started as a matter of 
laboratory interest in order to get a thorough under¬ 
standing of some cable failures that had occurred under 
severe testing conditions. As the problem became 
clearly analysed, however, it was realized that the results 

* See footnote in col. 2. 

t B. M. Robinson: “The Breakdown Mechanism of Impregnated Paper 
Cables,” Jmrnal 1935, vol. 77, p. 90. 

t S. Whitehead : ‘ ‘ Dielectric Phenomena,” III, pp. 226-259. 


were of immediate importance not only to the regular 
working of a cable research laboratory, but also to the 
case of cables of the higher voltages under normal 
service conditions. 

The work of a cable research laboratory must, at the 
present time, be directed along two main channels:— 

(a) The resistance of the dielectric to breakdown by 
the tracking mechanism must be improved by studying 
the conditions controlling the formation of the first 
microscopic core of the Robinson mechanism. 

(b) For the higher-voltage cables the thermal stability 
of the dielectric must be improved by obtaining di¬ 
electrics in which the dielectric loss angle* does not show 
a steep rise with temperature. 

These two lines of development interact closely. As 
resistance to the tracking breakdown mechanism is 
improved, higher test-voltages become necessary, but it 
is essential that the test conditions be controlled so that 
thermal instability is avoided if the tests are not to fail 
entirely in their purpose. It is, in fact, nearly true to 
say that, even if a considerable improvement in resistance 
to the initiation of tracking breakdown were to become 
available at the present moment, it would still not be 
possible .to, operate cables of the normal soUd type at the 
highest voltages, without first obtaining an improvement 
in the D.L.A./temperature characteristic. 

It is also found that the thermal stability of the di¬ 
electric is of importance in the case of 66-kV cables if 
any increase in the temperature rating of the cables is 
contemplated, and it may be said to be of controlling 
importance in the case of 132-kV cable. 

The main features of thermal instability have been 
frequently presented. A dielectric situated in an 
electric field (and particularly in an alternating-current 
field) becomes the source of a continuous generation of 
heat. This heat has to be dissipated into the surround¬ 
ing thermal sink, via the thermal resistance of the 
dielectric itself and of any other material that may be 
interposed. In any particular case, equilibrium can 
only be reached when the heat generated under the 
particular thermal and electric conditions equals the heat 
that can be dissipated under the same conditions. The 
point of equilibrium can be determined by drawing two 
curves, one of heat generated and the other of heat dis¬ 
sipated, as a function of temperature, and observing 
their intersection. 

As an example, in Fig. 1 the curved line may be sup¬ 
posed to be a curve of heat generated in the dielectric. 

♦ A universally acc^ted nomenclature for dielectric loss has, unfortunately, 
not yet been set up. The term “ power factor ” is confusing on account of the 
electrical engineer’s use of the term in relation to the angle <j) between an admit¬ 
tance vector and the vector corresponding to a pure resistance. In dielectrics, 
however, the angle which is of interest is the angle between the admittance 
vector and a vector 90® from a pure resistance. In this paper, this angle is 
denoted by the term “dielectric loss angle,” 5, and the contraction “D.L.A.” 
is used. 
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Many dielectrics exhibit a characteristic of this general 
type, in which the heat-generated line curves upwards 
with increase of temperature. This is a necessary result 
of the familiar upward curvature of the D.L.A./tempera- 
ture curve of most cable dielectrics. 

The full straight line is a curve of thermal dissipation, 
and the intersection L shows the conditions at which 
equilibrium will be reached. If, however, additional 
thermal resistance is interposed the slope of the dissipa¬ 
tion line is reduced. The equilibrium point L moves to 
the right until a critical case occurs at M, when the line 
is tangential to the curve. Alternatively, the thermal 
resistance may be left unchanged, but the ambient 
temperature 6a, i.e. the temperature of the infinite sink, 
may be increased. In this case, the dissipation line 
moves to the right, remaining parallel to its first position. 

Again, a critical case occurs at N, when the line is 
tangential to the curve. At both these points M and N, 
it is clear that any slight disturbance of the temperature 
upwards will result in the generation of an amount of 
additional heat greater than can be dissipated. From 
this point, therefore, the temperature will progressively 
rise until burning, breakdown, or some other pheno¬ 
menon, intervenes. 



Fig. 1. —^Thermal-stability diagram. 

The mathematical treatment of this problem rapidly 
becomes complicated. The general equation can be 
written down, and Whitehead's* account shows that a 
number of special solutions have been obtained. In all 
cases, however, the conditions have been specially 
simplified with a view to obtaining alignment between 
theoretical and experimental results. In particular, the 
case of a uniform electric field has been assumed. 

An exception must be made in the case of Wagner.f 
who has discussed not a general macroscopic instability 
as described above, but local thermal instability arising 
from a microscopic crack or thread of impurity. 

Recently the term thermal instability has occa¬ 
sionally been used to refer to cable failures, of whatever 
type, which have occurred as a result of the cables being 
passed through a series of heat cycles; that is to say, the 
term is used merely as a label to describe the general 
conditions relating to the circumstances of failure.J In 
view of the long history of the term used in its precise 
sense, its use for this purpose cannot be justified. 

In the case of cables the non-uniform electric field and 
non-uniform temperature increase the difificulty of 
* S. Whitehead : Zoc. ctf. 

t K. W. Wagner: Tmnsaptions of the American I.E.E., 1922, vol. 41, p. 288. 
t For example, M. Klein: “ Kabeltechnik,” p, 83. 


mathematical treatment. It is possible, however, to 
make an accurate approach to the matter by a quite 
simple step-by-step integration of the equations based on 
the continuity of electric and thermal fiow. As in the 
rigid treatments, we assume a homogeneous dielectric in 
which the thermal resistivity and the electric permit¬ 
tivity are independent of temperature, and in which 
the D.L.A. is always sufficiently small not to affect 
appreciably the magnitude of the vectorial dielectric, 
admittance. 

We can consider a circular cable as in Fig. 2, having a 
conductor radius a, and a radius b over the dielectric. 
We can imagine the dielectric divided into a number of 
thin cylindrical shells by the cylinders r^, etc. 

When these shells are sufficiently thin, it becomes a 
reasonable approximation to suppose that the whole of 
the dielectric within, say, the first ring is subjected 
to the condition of electric stress and temperature which 
actually exists on some intermediate circle at r'. 



The integration must be started by assuming a 
temperature for the conductor. If we take for simplicity 
the case of no conductor-heating, this is also the tempera¬ 
ture of the first ring ar^. The electric stress at r' can be 
calculated from the voltage and dimensions of the cable. 
The stress at, and the temperature of, the ring are thus 
known. It is now necessary to refer to characteristic 
curves, such as those shown in Fig. 3, for the particular 
dielectric which will give the D.L.A. under these two con¬ 
ditions of stress and temperature. The D.L.A. and 
stress being known, the watts generated in the ring 
can be calculated. This quantity of heat has to be 
transmitted from r' to the second intermediate circle r", 
and the usual equations of thermal flow give the 
temperature-drop that will be caused by this transmission 
across the thermal resistance of the dielectric between r' 
and r". The temperature of the second ring, is thus 
ascertained; the stress is known; and the second ring 
can therefore be treated in exactly the same way. 
The only point of difference is that the heat to be trans¬ 
mitted from the second to the third ring is the sum of 
the heats calculated for the first and second rings. The 
process proceeds in this way, step by step, until the 
outermost ring is reached. The result of the whole pro- 
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cess is to show, for a given conductor temperature, w a 
is the sheath temperature and the total dielectac energy 
generated, at which thermal and electric equilibrium will 

be reached. . 

The error due to the step-by-step approximation can 

be reduced to any desired value by increasing the 
number of rings. In practice it will be oun a 
10 rings give all the accuracy that is required, rne 
work can be simpMed by a number of devices. If the 
radii r^, r^, etc., are arranged in geometric proportion 

so that 


a 


= !? 


, etc. 


the capacitance and thermal resistance of a.11 the rings 
become the same. If the dielectric is divide in o n 
rings, and Cr, represent the capacitance of the rings 


be calculated. This involves dividing the sfeess r^ge 
S to Sh into 10 sections, in geometric proportion, w ic 
is”” practically the same as calculating the radu r^, 

^'^the method can most conveniently be followed by 
means of an example; a fully worked out case has there¬ 
fore been included in Appendix 1. j. f,nm 

The whole process is then repeated, starting from 

another assumed conductor temperature, and in this way 
sufficient points are worked out to enable a thermal- 
stability curve to be plotted, such as that shown i 

Fis 4. which is discassed below. 

In the description of the method given above, it was 
assumed that there was no conductor-heating. Tie 
case when the conductor is carrymg current can, how¬ 
ever, be worked out on the same lines without any 
further difficulty. The conductor is supposed to be 



ind of the cable respectively and P,, Pc, the thermal resis- 
bance of the rings and of the cable, then 


C, 


nOc 

Pe(l/n) 


[n practice, the precision of the basic D-L.A./ 
■emperature/stress data of the dielectric does not justify 
ffie refinement of finding the intermediate circles r.r, 
Itc., to represent the ring, and sufficient accuracy is 
ibtained by assuming the ring to t^e up the condihons 
existing at its inner or outer face. The practice that has 

been adopted is to take the inner face. 

As a matter of fact, it is unnecessary for the radii to 
be calculated at all, since the expressions given above 
are independent of the actual values of r.^, r^, etc. me 
only case when these need be calculated is wben a curve 
of temperature distribution within the dielectric is re¬ 
quired; but this does not provide information of any 
great interest or use. At the same tiine, however it is 
necessary for the electric stress at the rings etc., to 


carrying a definite current, and the number of watts per 
cm of the cable corresponding to this current, and to the 
resistance of the conductor at. the temperature taken, is 
calculated. This amount of heat is then added to the 
dielectric loss at the first step, before the temperature- 
drop from the first step to the second step is calculated. 
The result of the calculation is a curve similar to that of 
Fig. 4, corresponding to a definite current flowing in the 

conductor. , . 

This diagram, which is called the thermal stability 

diae-ram shows the watts generated in the dielectric in 
Se eSniblm state ^various values of sheath 
temperature. At a number of places on the curve cor¬ 
responding values of the conductor temperature are 
marked. The difference between these values and the 
sheath temperature directly below the point shows the 
fall in temperature from conductor to sheath. As the 
abscissse represent sheath temperatures, it is possible o 
draw on the curve a straight line corresponding to the 
external thermal resistance of, ’or dissipation from, 
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the cable., The intersection of these two lines shows the 
equilibrium point for the given conditions. Thus in the 
diagram the straight line shows a dissipation of 97 ther¬ 
mal ohms per cm from an ambient temperature of 20° C., 
and the corresponding equilibrium occurs at a sheath 
temperature of 23° C. It will be seen that the thermal- 
stability curve exhibits all possible steady-state working 
conditions of the cable, for the specified voltage and 
loading current; that is, it is the characteristic of that 
t37pe of cable for a given kVA transmitted, and by 
application to it of the external resistance and ambient 
conditions we find that these conditions do or do not lead 
to a single stable operation point on the curve. 

Plane Stress D.L.A. 

Before proceeding to a discussion of the curves 
obtained in this way, it is necessary to notice a difhculty 
that arises. The calculations described above depend 


this matter it has been found convenient to use the term 

mass D.L.A.'’ to describe measurements taken on 
cables, and stress D.L.A.” to refer to the deduced plane 
stress characteristic. 

The question that arises is whether it is possible to 
deduce the stress-D.L.A. characteristic from the observed 
mass-D.L.A. curve. The matter obviously depends on 
whether the cable dielectric is uniform, that is to say, 
whether the D.L.A. is uniquely determined by the stress 
and the temperature. It might be expected that the 
mathematical analysis would provide a criterion for the 
uniformity of the dielectric. It is found, however, that 
this is not the case. Whatever the shape of the mass- 
D.L.A. curve, there can be found by suitable methods 
a corresponding stress-D.L.A. curve assuming uniform 
dielectric; and the result cannot, therefore, provide a 
criterion of uniformity. The question of uniformity is 
undoubtedly one of great difficulty in the case of cables 



upon a knowledge of the chai'acteristic D.L.A. of the 
dielectric as a function of the electric stress and the 
temperature. In working out the example given in 
Appendix 1, the family of curves reproduced in Fig. 3, 
showing values of D.L.A. against electric stress for 
various values of ■'temperature, have been taken as the 
basis of the calculations. The difficulty is that with a 
cable dielectric it is not possible for a D.L.A./stress 
characteristic to be directlv observed. The stress in the 
dielectric of a cable is not uniform, but varies inversely 
with the radius from the centre. When, therefore, the 
D.L.A. of a cable is measured, the result only provides a 
somewhat complicated mean, depending upon the true 
D.L.A./stress characterivStic over the range of stresses 
existing in the cable at the voltage of the measurement. 
Measurements on plane condensers would overcome this 
difficulty, but it is a matter of the very greatest difficulty, 
if not impossible, to make an impregnated-paper di¬ 
electric in plane form so that D.L.A. measurements on 
the plane condenser can, with certainty, be taken as 
representative of table dielectric. For discussions on 


exhibiting large amounts of gaseous ionization. Even 
in these cases, however, it appears from the agreement 
that has been obtained between experimental and calcu¬ 
lated results that no great error is introduced by pro¬ 
ceeding on the assumption of uniform dielectric. In the 
case of modern cables with negligible gaseous ionization, 
the dielectric can safely be taken as uniform. 

Two methods of deducing the stress-D.L.A. charac¬ 
teristic from measurements of D.L.A. on a cable are 
described in Appendix 2. At the moment we are only 
concerned to note that such a transformation is possible. 

It will be seen, however, that both the methods 
described are strictly only applicable to circular cables. 
It is probable that similar, though more involved, 
methods could be worked out for oval- or shaped-con¬ 
ductor cables. The variation of D.L.A. with stress, 
however, is small compared with the variation with 
temperature, and it appears, therefore, that little error 
will be introduced by treating the cables as circular 
cables, so far as the question of converting mass D.L.A. 
into stress D.L.A. is concerned. 
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In this connection it is interesting to note that in the 
case when the D.L.A. is independent of the stress and 
varies only with the temperature, the whole calculation 
of the thermal-stability curve (Fig. 4) is independent of 
the dimensions or shape of the cable or dielectric. This 
really follows from the fact that the temperature-drop 
at each step is a function of the product ; and for 
any given dielectric this product is constant whatever the 
size or shape of the portion of the dielectric considered. 

The result is, therefore, that (apart from the secondary 
difficulty over the stress question) the step-by-step 
method of integration can be applied to non-circular 
cables of any shape. The only quantity that must be 
known is the capacitance or the thermal resistance of a 
cable of the particular cross-section. Moreover, when a 
thermal-instability curve has been calculated (subject to 
the limitations specified above), this curve is charac¬ 
teristic of any cable of whatever shape or size which is 
sustaining the voltage used in the calculation. It is this 
fact which brings out very suggestively the absolute 
character of the difficulties to be overcome in the design 
of cables for very high-voltage transmission. That is to 
say, given that a voltage V has to be sustained by the 
cable, then an increase in the dielectric wall does not 
primarily improve the position so far as thermal stability 
is concerned, but only secondarily so far as the D.L.A. 
is lowered at the lower working stresses. It will be seen 
from a later discussion in the paper that, so far as 
thermal instability is concerned, the main improvement 
resulting from an increase in the dielectric wall is that 
resulting from the lowering of the external thermal 
resistance which is thus obtained. 

The Thermal-Stability Curve. 

We can now return to a discussion of the thermal- 
stability curve (Fig. 4) when this has been calculated on 
the lines of the example set out in Appendix 1. 

Experimentally, the data necessary for the calculation 
can be obtained as follows:— 

A length of the cable is set up in the laboratory and 
arranged for D.L.A. measurements and for sheath heating 
by means of sheath current. Sheath-heating is applied, 
and arranged so that the sheath temperature is main¬ 
tained steadily at a selected temperature for 1 or 2 
hours until it can be assumed, or shown by conductor- 
temperature measurements, that the whole of the 
dielectric has been brought to the same temperature. 
Voltage is then applied and a curve of cable D.L.A. 
against voltage is taken as rapidly as possible. It is 
obvious that, as soon as the voltage is applied, there is a 
tendency for a thermal gradient to be established. As, 
however, the method requires that the D.L.A. measure¬ 
ments should refer to the particular temperature, it is 
obvious that the measurements must be completed before 
the voltage has seriously disturbed the uniformity of the 
temperature. For convenience, measurements taken in 
this way are termed “ spot D.L.A.'’ 

This process is repeated at a sufficient number of 
temperatures to provide the mass-D.L.A./temperature/ 
voltage curves, from which the calculations can proceed as 
described above. 

It will, of course, be realized that the following ex¬ 
amples do not necessarily represent the properties of the 


best modern cable dielectric. They have been chosen 
rather for the purpose of bringing out clearly the main 
features of thermal instability. 

For a particular cable with a 0-5-sq. in. conductor 
and a 0-7-in. wall, the D.L.A./temperature/stress curves 
calculated from the D.L.A./temperature/voltage curves 
are shown in Fig. 3. 

In considering these curves, it must be remembered 
that the D.L.A. figures have been obtained with the 
cable arranged so that the whole of the dielectric has 
been brought up to the temperature to which the measure¬ 
ment is referred. The D.L.A./voltage characteristic is 
often exhibited by means of measurements taken on a 
cable with conductor-heating only, in which case, of 
course, only the inner portions of the dielectric are 
brought up to the temperature of the measurements. 
It is to be expected, therefore, that D.L.A. measurements 
taken with sheath-heating or oven-heating will be sub¬ 
stantially higher than those obtained with conductor¬ 
heating. 

From these data the thermal-stability curve shown at 
CD in Fig. 4 has been calculated. This curve shows the 
watts generated in the dielectric plotted against the 
sheath temperature when the cable is operated at 130 kV. 
At certain points in the curve are marked the cor¬ 
responding values of conductor temperature. The 
thermal dissipation from the cable as erected in the 
laboratory was found to be 97 thermal ohms (° C. per 
watt) per cm. This dissipation line has been drawn on 
the graph, assuming an ambient temperature of 20° C. 
It will be seen that the two curves intersect at a tem¬ 
perature of 23° C., which represents the equilibrium 

state under these conditions. 

Now consider the case when sheath-heating current is 
applied to the cable. Let the current be adjusted to 
correspond to a sheath-heating of, say, 0 • 1 watt per 
cm. The conditions can now be represented graphically 
by raising the heat-generated curve by 0*1 watt per 
cm, or more conveniently by lowering the heat-dissipated 
line the same amount. It will be seen that this is, in 
fact, equivalent to raising the ambient temperature by 
97 X 0 • 1 = 9 * 7 degrees, which would give a stable 
operating point at about 33° C., as shown at E. Thus by 
moving the heat-dissipated line to the right, it will be 
found that the critical thermal-instability point when 
the line is tangential to the curve occurs at a conductor 
temperature of 55° C. and a sheath temperature of 
49° C. The corresponding value of the ambient tem¬ 
perature is 36° C., and the vertical through this point 
shows that this requires a sheath heat-generation of 
0*17 watt per cm if the laboratory is actually at 20° C. 
At the moment of instability the dielectric heat-genera¬ 
tion amounts to 0 -13 watt per cm, corresponding to a 
cable D.L.A. = 0*0115. 

These calculations were confirmed experimentally by 
applying to the sheath sufficient heating current to cause 
the temperature to rise to 36° C. The current was con¬ 
tinuously adjusted so as to correct for variations in the 
true ambient temperature. The sheath temperature 
was observed by thermometers or thermocouples attached 
to the sheath at frequent intervals. The test voltage of 
130 kV was then maintained on the cable. The tem- 
, perature of the sheath rose steadily but very slowly. 





This slow rise is to be expected from the flat “ inter¬ 
section '' of the generated and dissipated lines in Fig. 4. 
When, however, the average of the thermocouples 
reached 48° C., two thermocouples began to rise in 
temperature rapidly. At a maximum sheath temperature 
of 58° C. the voltage and current were shut off and the 



HOURS 

Fig. 5.—Sheath temperatures approaching thermal 
instability; experimentally determined. 

cable was allowed to cool to 38° C., when they were re¬ 
applied. It was then found that the cable continued to 
run for a further 40 hours before the hot spot reappeared. 
It was clear, therefore, that the first hot fepot had not 
caused any permanent alteration to the dielectric and 
that it could not have been due to an embryo failure of 


allowed to go into thermal instability, rising even to local 
sheath temperatures of 110° C., but that if the voltage 
is cut off a short time before failure the die lectric is found 
to be undamaged. 

The same voltage and sheath current were reapplied, 
and again, on reaching 50° C., the same two thermocouples 
began to rise rapidly, as shown in Fig. 5. The conditions 
were not disturbed and the cable was allowed to go to 
failure. The final sheath temperatures were not ob¬ 
served in this case, but in other cases sheath temperatures 
up to 110° C. have been noted. 

It will be seen, therefore, that thermal-instability 
calculations of this kind can be relied upon to predict 
with accuracy the thermal behaviour of cables. The 
details of the post-mortem examination of this cable are 
reserved for a general discussion of the post-mortem 
characteristics of thermal-instability failures later in the 
paper. 

Internal and External Instability. 

It will be seen from Fig. 4 that the instability point is 
largely controlled by the slope of the external-resistance 
line and that, therefore, the thermal instability arises 
mainly from the external resistance to dissipation of 
heat from the sheath, rather than from resistance to the 
conduction of heat from the interior dielectric to the out¬ 
side. This has been termed “ external instability.'" 
The question arises whether instability can occur in the 
internal portions of the dielectric owing to the difficulty 
of transferring heat through the dielectric wall, and 
without throwing the cable as a whole into instability. 



Fig. 6. —Instability curves: 0*5 sq. in.; Fig. 7.—Instability curves; 0*5 sq. in.; 
0*7-in. wall; no conductor current. 0* 7-in. wall; 500 amperes conductor 

current. 


the ionization type. An incipient tracking breakdown 
will cause a hot spot, but this is always accompanied by 
perceptible damage to the dielectric, and the hot spot 
immediately reappears, however long the cable is rested. 
This preliminary result has been abundantly confirmed 
by many later observations that the dielectric can be 


This can conveniently be called internal instability.’" 
Light has been thrown on this matter by instability cal¬ 
culations for a cable of the same dimensions, and of 
nearly the same D.L.A./temperature characteristic, as 
that of Fig. 3. The instability curves for a number of 
different voltages are shown in Fig. 6. It will be seen 
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that at 7 5 kV the curve has the same general charac¬ 
teristics as those discussed under Fig, 4. At 150 kV, 
however, the curve rises vertically at a sheath tempera¬ 
ture of 54° C., while at 200 kV the curve actually bends 
back and returns to lower sheath temperatures. If we 
take the 200-kV curve, when the conductor is at 70° C. 
this means that the heat generated in the dielectric 
cannot be transmitted through the dielectric wall unless 
the sheath is kept down to a temperature of 43° C. It 
is clear, however, that even if the sheath temperature is 
held down by forced cooling, the internal portions of the 
dielectric wall go into instability as soon as a conductor 
temperature of about 57° C. is exceeded. 

This was tested experimentally on a cable which was 
known to have an asymptotic value on its voltage/life 
curve considerably in excess of 200 kV; that is to say, 
200 kV could safely be applied for periods of 300 hours or 
more at ordinary ambient temperatures without any risk 



Fig. 8.— Breakdown of cable by internal in¬ 
stability: 0*5 sq. in.; 0*7-in, wall; 200 kV. 


of damaging the dielectric. The cable was arranged so 
as to obtain the maximum dissipation from the sheath— 
actually an external thermal resistance of 37 deg. C. per 
watt per cm of cable. The cable was raised by sheath¬ 
heating without voltage to the region of 40° C., when 
the heating current was shut off and a voltage of 200 kV 
applied. After one or two trials it was found that, 
when the current was shut off at a temperature of 38° C., 
the sheath temperature continued to fall slowly while, at 
the same time, however, the cable DX.A. (8c) rose 
steadily, showing that the conductor and inner dielectric 
were rising in temperature, in spite of the fall of sheath 
temperature. The curves of Sc and sheath temperature 
are shown in Fig. 8. This cable showed the same post¬ 
mortem features as are characteristic of thermal- 
instability failures. 

Effect of Conductor Current. 

The effect of conductor current can conveniently be 
exhibited by showing the thermal-instability curves for 
the same cable, but with a conductor current of 
500 amperes, >that is to say, 1 000 amperes per sq. in. 

A number of such curves are shown in Fig. 7, which, 


for convenience, is plotted by the side of Fig. 6 and 
to the same vertical scale. The effect of variations 
of voltage and conductor current can conveniently be 
seen by considering the effect on the " instability ambient 
temperature with a standard external thermal resis¬ 
tance or dissipation of, say, 97 thermal ohms (deg. C. per 
watt) per cm of cable. By this is meant the ambient 
temperature which will result in the cable being thrown 
into instability by the voltage and conductor current in 
question. The margin between the instability ambient 
temperature and the actual ambient temperature is, ^ of 
course, a measure of the margin of safety under which 
the cable is operating. The curves of instability ambient 
temperature for this particular cable are shown in Fig. 9. 



Cables under Service Conditions. 

In the examples that have been discussed, which were, 
as a matter of fact, chosen for convenience of laboratory 
demonstration, the voltages that have been considered 
are higher than those occurring in present-day cable¬ 
engineering practice. The question arises whether con¬ 
siderations of this kind are of importance for cables under 
present-day service conditions. 

It is quite easy for a cable, of the dimensions already 
assumed in the examples, to be built which will operate 
on a 132-kV system with no risk of breakdown of the 
tracking type. It must, however, be realized that the 
external thermal resistances of cables under service 
conditions are very considerably higher than the figure 
of approximately 100 thermal ohms assumed in the 
examples. The factors contributing to this increase in 
thermal resistance are the depth of laying which is 
sometimes found necessary, .poor local thermal con-, 
ductivity of the soil, the effect of grouping 3 single¬ 
conductor cables to form a 3-phase feeder, and the 
proximity* factor of other feeders. As a result, it is 

* It is immaterial whether the proximity factor of other feeders is treated as 
an increase of ambient temperature or an increase of external thermal resistance. 
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found as a matter of experience that such cables in 
practice will frequently have an external thermal 
♦resistance as high as 550 thermal ohms; and cases have 
actually occurred where the figure has risen to 972 thermal 
ohms. In addition, in urban districts the normal 
summer soil-temperature rises to 18° C. If, now, a dis¬ 
sipation line of 500 thermal ohms is laid out from an 
ambient temperature of 18° C. on to the lower-voltage 
curves of Figs. 0 and 7, it will be seen that for cables 
above 66 kV the question of thermal instability cannot 
be dismissed without consideration. 

In the case of these high external thermal resistances, 
the method of approach described above, although 
accurate, is not very convenient because the emphasis is 
placed on the thermal conditions when the cable is carry¬ 
ing a definite current. In practice, what is required is to 
know the thermal state at a given conductor temperature, 
and what conductor current can be carried in this state. 

Where the external thermal resistance of the cable is 
known, a convenient method of carrying out the calcu¬ 
lations is to start the step-by-step integration at the 
sheath instead of at the conductor. A thermal flow 
across the sheath is arbitrarily assumed, and this, in con¬ 
junction with the known external thermal resistance, 
determines the temperature of the sheath. This pro¬ 
vides all the information necessary for the integration 
to be started. When the integration reaches the con¬ 
ductor, there is a residual heat generation which can be 
utilized as current-carrying capacity for the particular 
size of conductor concerned. By carrying through a 
number of these integrations, it is possible for a curve 
to be plotted showing current-carrying capacity against 
sheath or copper temperature. This curve will pass 
through a maximum value, thus determining directly the 
current and temperature at which the cable becomes 
thermally unstable for the particular conditions of 
external thermal resistance taken. 

When the external thermal resistance is very high, 
however, it becomes possible to use a simpler approxi¬ 
mation. In these cases the fall of temperature in the 
cable itself is small, so that it becomes a reasonable 
approximation to utilize the thermal-stability curve cal¬ 
culated with no conductor current; this represents, in 
fact, a limiting case, and, as will be seen from the dis¬ 
cussion below, is such that the calculated current- 
carrying capacity is slightly on the safe side. 

We can consider a 132-kV cable and take the 84-kV 
curve from Fig. 6, This allows a 10 per cent voltage 
margin over working conditions. This curve is re-plotted 
in Fig. 10. Now consider this in relation to a moderately 
high external thermal resistance of 300 thermal ohms 
and an ambient temperature of 18° C. This dissipation 
line has been shown in the figure. The intercept AB 
shows that, at a conductor temperature of 65° C., 
0 *07 watt is available for conductor-heating. This 
value actually refers to dissipation from the sheath. As 
the heat will be generated in the conductor, it is necessary 
to allow for the additional 77 thermal ohms of cable 
thermal resistance. When, therefore, 0 *07 is multiplied 
by the factor 300/377 we obtain 0*0519 watt conductor 
heating, corresponding to 289 amperes on a 0*5-sq.in. 
conductor. The effect of this conductor current on the 
thermal-stability diagram can be approximately obtained 


by raising ever 3 Avhere by an amount 0 • 07 watt the curved 
line of heat generated. This raised line has been shown 
dotted. The intersection at B shows that equilibrium 
will be obtained at this state between the heat generated 
and the beat dissipated; but the fact that the heat- 
generated line is rising more steeply than the heat- 
dissipated line shows that it is actually an unstable 
equilibrium. The difficulty is, of course, that we have 
arrived at the right-hand intercept B between the heat¬ 
generated and heat-dissipated lines, instead of the left- 
hand intercept C. 

The question will be raised: “ What is the relation of 
the results obtained in this way to the results obtained by 
the ordinary calculations of current-carrying capacity?'* 

In the normal calculations, allowance is made for the 
dielectric loss in one of two ways. According to a well- 
known result, if the D.L.A. throughout the cable wall is 
uniform, then the temperature-drop in the cable due to 
the dielectric loss will be half the drop caused by the 
same total loss concentrated at the conductor. It is a 
common practice, therefore, to assume some round 
figure for the D.L.A. (although, of course, there can be 
no accurate knowledge about the mean D.L.A. under the 



Fig. 10.—Current-carrying capacity of 0*5-sq. in. 

132-kV coble. 

particular conditions of the calculation) and to assume 
half the corresponding dielectric loss concentrated at the 
conductor. Sometimes, as a safeguard, the whole of the 
dielectric loss is assumed to be concentrated at the con¬ 
ductor. If, now, calculations on the latter basis are 
carried out for the above cable, a result is obtained 
which is very nearly the same as that given above, and 
in the absence of a stability diagram the cable might 
be passed for a current of 289 amperes at a conductor 
temperature of 65° C., although this would certainly in¬ 
volve a thermal-instability failure. Actually, if a current 
of 289 amperes is applied to the cable, the latter will 
come into equilibrium at the intersection C (Fig. 10), that 
is to say, at a conductor temperature of 43° C. The 
maximum intercept, namely 0*094 watt, which occurs 
between the two lines at a sheath temperature of 54° C., 
shows that at this temperature the current-carrying 
capacity is actually 335 amperes, although, of course, it 
would, in practice, be necessary to allow a margin on 
this figure for contingencies. Actually, therefore, the 
straightforward balance calculations have failed to dis¬ 
close the true situation in two respects. They do not 
disclose that an operating conductor temperature of 
65° C. necessarily involves a thermally unstable state, and 
secondly, that the maximum current-carrying capacity 
of 335 amperes is obtained at a conductor temperature 
of 55° C. 

It will be seen that the critical matter is whether the 
tangent at A is steeper or less steep than the dissipation 
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line CB. If it is steeper than the equilibrium point, B 
will be unstable. In the present example, the tangent at 
A corresponds to a thermal resistance of 88 ohms. The 
above result can therefore be expressed by saying that 
in this case, when the external thermal resistance is less 
than 88 thermal ohms, ordinary thermal-balance calcu¬ 
lations will determine an equilibrium state that is stable, 
but if the external resistance exceeds 88 thermal ohms 
the calculated equilibrium will be unstable. It will be 
seen, therefore, that the tangent at A provides a very 
convenient criterion for the sufficiency or insufficiency of 
normal current-carrying calculations. The matter can 
be usefully illustrated by Fig. 11, which shows on the 
left-hand side a small current-carrying capacity which is 
stable, and on the right-hand side a large current-carrying 
capacity which is unstable. 

It is of interest that so well-established an authority 
as Hochstadter, by using different methods, has arrived 
at conclusions which are not supported when the same 
subject matter is considered by the methods discussed 
here. In an article, "The Insulation of the H.T. 
Cable,"* he has discussed the thermal stability of a 
particular cable under a very high test stress of 350 kV 
per cm, and he arrives at the conclusion that there is no 


failures. Photographs of characteristic thermal- 
instability failures and of individual papers are repro¬ 
duced in Figs. 12, 13, and 14 (see Plates 3 and 4, between 
pages 112 and 113). 

With the particular cable dielectric used during this 
work it has been found that the smell from the cable 
sample, as it is being dissected during examination, 
provides an easy and certain clue to the type of failure 
that has taken place. This dielectric is of the ordinary 
solid type, that is to say, paper impregnated with a 
resin-compound mixture. Three distinct kinds of smell 
can be distinguished:— 

[a) When breakdown by the tracking mechanism 
reaches the stage of producing treeing or carbonization 
tracks, it is always accompanied by the rank, acrid smell 
(distinct from the resinous smell of healthy compound) 
wffiich is well known as a characteristic of cable breakdown 
or deterioration. This is probably associated wdth the or¬ 
ganic acids produced by pyrolysis of the cable compound. 

[h) Void spaces within the dielectric which are remote 
from either the inner or the outer electrode can be sub¬ 
jected to heavy ionization discharge for long periods 
without the production of any carbon. This action 
is particular!}/ pronounced in a dielectric which has 


(f) 
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temperature 



Fig. 11.—^Examples of stable and unstable equilibria. 


risk of thermal instability. It can be shown, however, 
when the data provided in Hochstadter's paper itself are 
treated by the present methods, that thermal instability 
is certainly to be expected when the cable carries any 
reasonable current. 

Post-Mortem Characteristics. 

A thermal-instability failure is very regular in its 
general appearance. A hole, varying in size from 
about 3 mm diameter to about 1 cm x J cm, runs 
straight through the dielectric from the outer electrode 
to the conductor. The edge of the hole is surrounded by 
a fringe of charred paper. As the papers are unwrapped 
from the cable, there may be an appearance of dryness 
surrounding the ring of charred paper, or there may 
sometimes be an area of scorched paper and compound 
extending to about 5 cm on each side of the fault, giving 
a characteristic, even, brown colour. There is a complete 
absence of treeing, or of wax deposit, even when a test 
for wax is made by the magenta dye method.f It will, 
of course, be realized that the magenta test may some¬ 
times show up waxing due to other actions which may 
have been going on in the dielectric; but the waxing is 
certainly not an essential feature of thermal-instability 

* Elektfotechnik und MascHnenbcm, 1933, vol. 51, p. 218. 

t D-Robinson: Zoc. cif. 


become very dry on account of drainage or other 
reasons. The gaseous ionization results in condensation* 
of the compound into the well-known wax, and this is 
accompanied by the peculiar, musty smell of dry mice- 
ridden stores, which is normally accepted as charac¬ 
teristic of nitrogenous compounds. It has not been 
found possible, however, to isolate any nitrogenous 
compound, and the matter is still under investigation. 

(c) Where thermal instability or failure occurs in a 
well-impregnated dielectric, it is normally accompanied 
by a smell similar to that of burnt sugar or tofiEee, which 
is characteristic of the decomposition of carbohydrates; 
and is, therefore, presumably attributable to decomposi¬ 
tion of the paper. 

In many instances of thermal-instability failure, it is 
found that, when the innermost paper is unwrapped from 
the conductor, the free compound lying between the paper 
and the strand spaces of the conductor is of a very dark, 
nearly black, colour. This appearance is likely to be 
mistaken for compound discoloured with free carbon, 
which is frequently found to be flowing longitudinally 
from the actual fault up the strand spaces, doubtless as 
a result of the explosive character of the failure. On 
close examination, however, it will be found that the 

* This is frequently termed “ poljTnerization,*’ but, as the action is always 
accompanied by the (evolution of hydrogen and volatile hydrocarbons, it can 
only strictly be termed “ condensation.” 
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Plate 3 



Fig. 12.—Characteristic thermal-instability failure. View of outside of metallized paper. 











Fig. 13.—Characteristic thermal-instability failure. View at 30 papers from the outside. 
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Fig. 14.—Characteristic papers from thermal-instability failure. 

(7;j Pape^rs compound-extracted and magenta-dyed; showing complete 
absence of waxing and treeing. 
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discoloured compound occurs uniformly round the con¬ 
ductor, and over a considerably longer distance than 
when the compound contains carbon. On following this 
matter up, it has provided a clue as to the maximum 
temperature reached by the conductor immediately pre¬ 
ceding an instability failure. The question of maximum 
'sheath temperature has already been mentioned on 
page 109. 

On close examination of the paper taken from one of 
these regions of discoloured compound, a faint sheen of 
copper deposit could be seen on both the inner and outer 
faces of the paper. The discoloured compound was 
found to contain not carbon but copper rosinate. The 
question was considered, therefore, what kind of action 
could be proceeding in the dielectric which could result 
in the first place in the production of copper rosinate 
in the compound, followed by the precipitation of copper 
on the paper. 

It was at first anticipated that such results could be 
produced by the effect of an electric discharge, but no 
satisfactory results could be obtained from this line of 
attack. It was then considered whether heat alone could 
produce the effect. It is known that if, for any reason, 


curve forms an important part. Short lengths of the 
cable are tested at voltages in the region of 3~4 times 
working voltage with the object of producing breakdown 
over the range of from, say, 10 to 200 hours. In carrying 
out this work, a practice has been standardized of 
equipping every length of cable tested, with thermo¬ 
couples attached to the sheath of the cable at intervals 
of not more than 2 ft. These thermocouples are kept 
under continuous observation by means of a thread 
recorder equipped with a specially developed rotary 
switch, which connects the thermocouples in turn to the 
thread recorder at 1-minute intervals. The thread 
recorder therefore provides a repeated pattern of dots, 
each pattern being, in effect, a curve of the temperature 
distribution along the cable. It has been found that in 
this way advance indication of a cable breakdown can 
be obtained up to periods of 10 hours before the actual 
failure. The interval between the appearance of local 
heating and the final failure, which is termed the '' break¬ 
ing time,'* is fairly regular, so that for given conditions it 
is possible for the time of actual failure to be predicted 
once the hot spot has appeared. This knowledge has 
enabled incipient cable faults to be arrested at various 
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Fig. 15. —Deterioration diagrams. 


the copper has a superficial coating of copper oxide, then, 
in the event of this being in contact with resin com¬ 
pound, a solution of copper rosinate will be formed at a 
temperature of 100-150° C. The question was therefore 
investigated whether copper is deposited from a solution 
of copper rosinate in compound at temperatures above 
this. It was found that copper is deposited from 
copper-rosinate solution at a temperature above 180° C., 
and that at temperatures of 200° C. the whole of the 
copper is deposited within 5 minutes. It is also easy to 
show that normal cable paper can be subjected to a 
temperature of 200° C. for 5 minutes without affecting 
in any way its appearance or its mechanical or handling 
properties, at any rate so far as these are tested by hand 
during a cable examination. It therefore appears that 
after a cable has been thrown into thermal instability 
the temperature will rise to more than 200° C. before 
electric rupture of the dielectric occurs. 

Transition from Ionization Breakdown to Thermal 

Instability. 

In the examination of the quality of a cable, the 
determination of the voltage/time-to-breakdown (V.T.B.) 

VOL. 77. 


stages of failure. Every failure is subjected to a post¬ 
mortem examination, and careful records over a great 
number of tests have enabled the course of cable failure 
to be followed and analysed at successive stages.* 

In Fig. 15 is shown a series of 5 deterioration diagrams 
taken progressively nearej- to the time of actual cable 
failure. The unshaded area enclosed in the diagram 
shows the limits of ordinary cable treeing. It will be 
observed that in the first case, which was arrested 5 hours 
before failure, there is a small triangular patch of treeing, 
starting from the conductor in the manner that Robinsonf 
has described. In case 2, which was arrested 2 hours 
before failure, it will be seen that the treeing mechanism 
had begun to branch out in two horn-like tracks, and in 
accordance with the Robinson mechanism the angles of 
these tracks are largely governed by the width, thickness, 
and overlay of the cable papers. In case 3, which was 
arrested 1 hour before failure, it was found that the horns 
had progressed farther, but that in addition, in the actual 
crutch of the horns, as shown by the shaded region, so 
much heat had been developed by the treeing deteriora- 

• The author is indebted to Mr. A. F. C. Adye for assistance in carrying out 
this work. Mr. Adye first observed the transition mechanism described here. 

t D. M. Robinson ; loc. cit. 
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tioii that the paper had actually become scorched and 
charred. Case 4, taken 43 minutes before failure, shows 
the scorched and charred region developing on its own 
direct path outwards through the dielectric. The paper 
in this shaded region has very largely the appearance of 
paper surrounding a failure by thermal instability. It 
is quite clear, in fact, that what is happening is that the 
additional heat generated by the treeing deterioration is 
becoming so great that the central region of the fault is 
being throv/n into thermal instability. No. 5, the last 
of the series, was taken actually from a cable failure. It 
shows the two horns of the treeing deterioration well 
developed, the central region of scorched and charred 
paper, and, finally, the direct piercing of the dielectric 
wall by rupture, characteristic of thermal instability. 

It will be observed from the last diagram that, at the 
moment when the failure is precipitated into thermal 
instability, the treeing deterioration has penetrated only 
70 la^rers of paper out of the 190 la 3 ^ers which constitute 
the dielectric wall. It is found that this penetration by 
the treeing horns at the transitional point between 
tracking breakdown and thermal instability behaves with 
considerable regularity for cables of different dimensions 
and under different test conditions. A study of the 
transition point between the two main types of break¬ 
down as measured by this penetration is now in progress 
and appears likely to provide results of considerable 
interest, 
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Relation of Stress D.L.A. to Observed Mass D.L.A, 

An approximate method, which is very simple in 
application, of deducing the stress-D.L.A. characteristic 
can be obtained as follows:— 

In a cable under voltage the total energy generated in 

the dielectric is given by 


jy _ y%. 


(TO) 


2 loge (pla) 


( 1 ) 


where <t is the permittivity, b and a are the outer and 
inner radii of the dielectric, and is the mass D.L.A. 
For an elemental ring in the dielectric 


r 


dW = [Sdrf'acjo—^ 


(2) 


where S is the electric stress. 

For a measurement at a given voltage F we can use the 

relations:— 

^ . 


and 


and put (2) in the form 
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Integrating between 8j^ and 8^ and equating to (1), we 
obtain 
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If now we can use the approximation that over the range 
of stress covered by any one particular voltage, the 
D.L.A. is a linear function of the stress, we can substitute 
the relation 

+ . . . . . (7) 

in (6), and after integrating we obtain 


Sg §5 

loge {hja) 




giving the mass DX.A. in terms of the two terminal 
stress-D.L.A/s. The stress Sse corresponding to the 
observed Sq is given by 


{hja 
hoge[bla) • 




That is to say, the D.L.A., Sc, observed on the cable can 
be referred to a stress calculated from (9), and in this 
way the stress-D.L.A. curve can be plotted from the 
mass-D.L.A. curve. 

Equation (9) can be more conveniently arranged in the 
form 



The quantity between the braces {} is thus a factor 
constant for any particular size of cable. Any observed 
cable D.L.A., can then be plotted against a stress 
obtained by multiplying by this factor the voltage at 
which Sc was measured. It is of interest that this stress 
^8c actually occurs in the cable at a radius given by 

1 1 /I 1\ 

loge{bla)\a h) ‘ 


A graphical method not involving the approximation of 
linear D.L.A. over the stress range of any one measure¬ 
ment can be obtained as follows:— 

Equation (6) can be put in the form* 


Sc 


loge (bja). 


-log^o 
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log Sb 



* This equation was first proposed by Mr. M. Stienon. It can be utilized in 
a number of ways, but the one described which appears to be the most con¬ 
venient was first proposed by Dr. A. T. Starr. The author is indebted to his 
colleagues for permission to publish these results here. 


Let US assume some function of S such that 
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(13) 

(14) 

( 16 ) 


Equation (14) can be used to determine graphically the 
shape of the curve J{S) against S. It is to be observed 
that the shape only is required, and not the absolute 
level of the curve, since in equation (15) we only require 
a differential of the J(S) curve. 

From equation (14) we see that the quantity 
Sc logg (6/a) gives the increase in ordinates of the f{S) 
curve in going from stress Sj, to Sg, both corresponding 
to the voltage at which the particular value of Sc was 
measured. Starting with the lowest voltage at which 
measurements have been made, we calculate and 
assume /(/S') at this stress to be zero. The quantity 
Sc loge (b/ci} then gives the value of /(/S') at Sg. We can 
provisionally join these two points by a straight line. 
Now take a slightly higher voltage corresponding to Sg 
and /S'ft. The quantity d'c log^ (b/a) can be added to 
the value of the provisional straight line at to give 
the value at Sg, 

It may be found that the new point at /Sg requires 
the provisional straight line to be slightly modified, 
which in turn will result in a slight alteration of the 
point at /S'L but by a short trial-and-error process the 
three points can be brought into harmony. The curve 
can thus be extended point by point until the whole 
stress range has been covered. The curve oif{S) is then 
replotted against log^S instead of 8, Tangents to this 
curve are drawn at a suitably selected number of points 
and the values of these slopes are taken as values of the 
differential 

d (log, 

and plotted as a curve of 8 against 8. 


[The discussion on this paper will be found on page 116.“ 
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DISCUSSION ON THE PAPERS BY DR. ROBINSON AND DR. BRAZIER. 


Dr. E. H. Rayner: The information contained in the 
two papers emphasizes the importance, for high-voltage 
cables, of the conditions of cable laying and the avoidance 
of even a few yards of bad thermal conditions as regards 
the cooling eSect. 

With regard to Dr. Robinson’s paper, those responsible 
for the design and proving of cables mast' have found 
this magenta test the thing for which they have been 
looking for many years. An ordinary cable is most 
intractable from the point of view of research and 
measurement; it is sealed up, and one cannot see what 
is happening inside it. To have some method by which 
the history automatically writes itself must be of very 
great help to the industry. 

The subject of dielectric thermal instability is one 
which I came to work at many years ago. In the early 
days of the National Physical Laboratory, the Engineer¬ 
ing Standards Committee (now the British Standards 
Institution) wished for information on the electric strength 
of insulating materials, and it fell to me to carry out a 
good deal of this work. In the course of the investigation 
I had to do a considerable amount of work on the voltage 
characteristics of insulating materials. I soon came to 
the conclusion that it was very unprofitable to work 
blindly without really knowing what was happening, 
and I therefore set about making an electrostatic watt¬ 
meter for the direct measurement of the power wasted 
in the insulation. 

A fortnight ago Mr. Burch described to the Wireless 
Section the thrill of excitement which he experienced 
as he watched the deflection of a galvanometer gradually 
falling to zero, showing him that after many months 
of work his oil vapour ” pump was at last a success.* 
I had moments of similar excitement when I was able 
to watch the process of thermal instability by the rate 
of change of deflection of my instrument, and in some 
cases was able to predict to a few seconds the time of 
breakdown when the voltage had been applied perhaps 
for an hour. In other cases one could say that failure 
would not occur, or that it would occur if one very 
slightly altered the voltage or the frequency. As is 
stated in Dr. Brazier’s paper, one can go almost up to the 
breakdown point with many of these types of thermal 
instability without causing any alteration of the dielec¬ 
tric. The delicacy of the balance between stability and 
instability which leads to destruction is illustrated in 
the slides which I now propose to show. [Dr. Rayner 
here exhibited some lantern slides representing some 
of the results described in his paper on High-voltage 
Tests and Energy Losses in Insulating Materials.’’f] 

The measurement of dielectiic losses has been the key 
to high-voltage engineering, making possible the practical 
developments rendered desirable by economic considera¬ 
tions. The papers indicate not only that measurement 
is essential to obtain quality, but also that operating 
voltages have now reached a value when dielectric 
thermal stability is a quality governing the loading 
capabilities of cable transmission. Dr. Brazier mentions 

* C. R. Burch and C. Sykes: “Continuously Evacuated Valves and their 
Associated Equipment,” Journal 1935, vol. 77, p. 129. 

t Journal 1912, vol. 49, p. 3 


with rising temperature: one would like to know some¬ 
thing about the methods by which that lower rate can 
be obtained. He does not mention the type of insula¬ 
tion used, but Dr. Robinson states that 23 per cent of 
resin in a paraffin type of oil was used in his case. I 
should be interested to know how far that resin com¬ 
pound is responsible for the particular loss curve that 
Dr. Brazier has been using, and whether the absence 
of resin would have a material effect on it. The know¬ 
ledge which has become available in the last few years 
seems to indicate that the oxygen parts of molecules 
are very likely associated with dielectric losses, and by 
doing without the resin, which I imagine contains a good 
deal of oxygen, one may secure a lower dielectric loss, 
which with cables of very high voltage is important. 
That may account for the results obtained with oil- 

filled cable. 

Another interesting point is the statement in Dr. 
Brazier’s paper that, under certain conditions, increasing 
the dielectric wall in a cable is not much of a safeguard 
from the point of view of breakdown. There is an analogy 
there with the strength of a thick tube. Thickening 
a tube unduly does not add much to the strength, unless 
one puts it in initial tension. In a similar connection. 
Lord Kelvin pointed out that the application of a heat- 
insulating covering to a pipe to keep the heat in might 
have an exactly opposite effect and keep it cooler; he 
added that if a man were very thin he would have to 
wear no clothes in order to keep himself warm. 

I think that all the work described in the papers has 
been done on a Sobering bridge in which a vibration 
galvanometer is used, and the results are obtained in 
terms of the energy loss associated with the fundamental 
of the frequency. I should be interested to know 
whether that method accounts for all the heat generated 
in the dielectric. Is there any appreciable quantity of 
heat associated with other frequencies ? In other words, 
does the single-frequency bridge method under these 
conditions of partial ionization give the same result as 
a wattmeter method ? I quite realize that there is not 
a wattmeter in existence capable of being worked at 
100 to 300 kV which has this great accuracy at almost 
zero power factor. 

Mr. T. R. Scott: With regard to Dr. Robinson’s paper, 
I am disappointed that the author does not develop his 
arguments in greater detail or, at least, with more sup¬ 
porting data in the first place. He advances the general 
proposition that, for conservatively-loaded 66-kV cables 
and cables for all lower voltages (interpolating some of 
the results from the first paper), breakdown cannot 
occur unless the coring and tracking mechanism is set 
up in the region of maximum stress. It is suggested, 
therefore, that the way to improve quality of cable is 
to concentrate on the elevation of the voltage/time-to- 
breakdown (V.T.B.) characteristic. This method of 
improving and maintaining quality is a favourite one 
in certain countries, and has given reasonably satisfactory 
results. One may question, however, whether it is the 
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the limitations which must be overcome, and he suggests 
the use of materials with a lower rate of increase of loss 
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best method of procedure for improving the quality of 
the cable, and I should like to make that point in two 
different ways. 

The usual objection raised to accepting a standard 
V.T.B. characteristic on a virgin cable as a basis is that, 
when the cable goes into service, it is apt to suffer some 
kind of change, which will mean that the results obtained 
on the test floors are of very little use later. To meet 
that objection, the usual suggestion is some form of 
stability life test or accelerated ageing. Under such 
a type of test, cables usually fall into one of three cate¬ 
gories. There is one class of cable which tends straight 
away towards breakdown—in a reasonably long period, 
perhaps, but still towards breakdown. That class of 
cable requires no comment. The second class shows- 
instability at some period of its career, and then settles 
down to a life where its characteristics are not the same 
as on the test floor originally, but where its new charac¬ 
teristics are invariant over very long periods of time. 
If such a cable is removed and re-tested on the test floor, 
it will be found that the V.T.B. characteristic has 
deteriorated, but the characteristic is still eminently 
satisfactory from a practical point of view. In the case 
of the third and rarest class of cable, the V.T.B. charac¬ 
teristic does not appear to change to any appreciable 
extent. 

The question which arises, therefore, is whether it is 
better to concentrate on getting a high V.T.B. charac¬ 
teristic or on getting a cable in which the V.T.B. 
characteristic is maintained throughout its service life. 
Dr. Robinson is not very clear in the definition of Ms 
views on the matter, apart from the indication that he 
would like, by using, say, paper of high air-resistivity 
with low porosity, to obtain an initially high V.T.B. 
characteristic. Such procedure may militate against 
obtaining the invariant requirement. 

The problem can be presented in another way, which 
perhaps brings it more into the sphere of practical 
politics. A single-core cable and a 3-core H-type cable 
were made up simultaneously some time ago with exactly 
the same materials, construction, and design, and were 
processed in the same plant under exactly similar con¬ 
ditions. The results obtained on the test floor were 
similar. Everything about the two types of cable was 
apparently identical. When the cables went into service 
the single-core type immediately began to exhibit break¬ 
down characteristics, and had a service life of from 4 
weeks at 25 per cent over-voltage to 6 months at working 
voltage. The 3-core cable survived 3 years' service life; 
it was then returned to the factory and electrically 
showed no indications of having been in service. There is 
nothing in Dr. Robinson's paper to suggest why the single¬ 
core cable should be more liable to breakdown than the 
3-core cable, except that cavitation may have had some 
effect, since it is generally assumed nowadays that 3-core 
H-type cable has superior qualities with regard to the 
avoidance of cavitation. It is rather incredible that the 
elimination or minimization of cavitation will produce 
so marked a result, but I am curious to know what 
other factor could be operating which resulted in the 
3-core cable maintaining its characteristics while the 
single-core cable did not. Subsequent experience shows 
that single-core cables can be made to give similar results 


if an attempt is made to reproduce conditions similar 
to those existing in the 3-core insulation. The experience 
indicates that a very good case can be made out for 
designing cables in such a way that they will retain 
their original characteristics, rather than attempting 
to build up an exceedingly high characteristic which 
may degenerate in service. The ideal, of course, is to 
obtain a high and constant characteristic in operation. 

With regard to thermal instability, there is one point 
on which the papers give no information. Going back 
to the time of Evershed and his fundamental paper, 
moisture has always been considered to be a fruitful 
source of thermal-instability phenomena, and, since 
moisture faults are not altogether unknown in the cable 
world, it would be interesting to have Dr. Brazier’s views 
on how moisture can intervene in a cable so as to give 
thermal instability. Is moisture breakdown altogether 
of the thermal-instability characteristic type, or does 
Dr. Robinson’s tracking mechanism intervene at all? 
I find it difficult to apply the latter principle to the 
breakdown of cables of 10 kV and lower voltages (many 
of which are associated with moisture effects), unless 
thermal phenomena are also present. 

Mr. J. K. Webb: I am particularly interested in the 
effect of the application of gas pressure to a cable, as 
mentioned in paragraph A, Section (6), of Dr. Robinson’s 
paper. What are the disadvantages of this process, 
apart from the unreliability of lead sheathing? At 
what voltage does tracking occur in a gas-pressure 
cable, and what voltage induces wax formation ? 

Referring to paragraph H of the same Section, is the 
implication here that solid-type cables cannot be impreg¬ 
nated to the same degree as oil-filled cables ? Can the 
magnitude of these high-frequency components be taken 
as a criterion of cable quality ? 

I should like to join with Dr. Rayner in asking a 
question regarding the use of resin, for which the authors 
show a predilection. Hirshfield, Meyer, and Connell, 
in the report referred to in the Bibliography to Dr. 
Robinson’s paper, suggest that any beneficial action 
which it may exert is probably due to its property of 
becoming an increasingly better conductor with in¬ 
creasing temperature. It therefore appears that its 
beneficial effect is in causing a much greater portion 
of the current to flow around the bad spots in the 
dielectric instead of flowing through them.” Dr. 
Brazier’s first slide, giving the relation between the 
dielectric loss angle (D.L.A.) and the temperature of the 
compound, showed a steep rise of power factor or D.L.A. 
with temperature; this is a peculiarity of resin mixtures, 
and it can be avoided by the use of a mineral oil. This 
would appear to have an important bearing on the values 
of thermal stability as calculated by him, if ” bad spots ” 
could be otherwise suppressed. It is noteworthy that 
for some time past in America the tendency has been 
away from resin, but we in this country, with one notable 
exception, appear to be more conservative. Can the 
authors give any good justification for the use of resin? 

W'ith regard to the question of the waxing of cables, 
are we now to regard this as inevitable ? Mains engineers 
view wax with suspicion, since they consider that it 
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indicates deterioration; yet, as is stated in Dr. Robinson’s 
paper (page 91), and as has also been stated by Hirsh- 
iieid, Meyer, and Connell, cables which are so heavily 
waxed that no free oil remains have been known to 
work satisfactorily for years. Should we not rather look 
upon waxing as a kind of seasoning process, and seek 
to control it? After all, wax itself is an excellent 
dielectric, and much more stable than the original com¬ 
pound. The only difficulty we are up against is the 
formation of gaseous by-products during condensation, 
and I should like to ask the authors whether they can 
give us any information concerning the magnitude and 
effect of these products. The initial formation of wax 
results in a power factor or D.L.A, which alters in pro¬ 
portion to the waxing, and it may be necessary to take 
this into consideration in the analysis of thermal in¬ 
stability given in Dr. Brazier’s paper. This paper, how¬ 
ever, seems to me to be rather looking ahead; failure in 
service resulting from thermal instability is not our 
immediate concern at present-day voltages, but I agree 
that it is a factor worth bearing in mind, especially when 
voltages of the order of 220 kV are contemplated. 

Finally, can the authors give us any information con¬ 
cerning the rate at which waxing takes place in relation 
to frequency ? I myself have found that, while there 
is a big increase between 50 and 10 000 cycles per sec., 
there is not nearly so much between 10 000 and 200 000 
cycles per sec. 

Mr. F. W. Main: Paragraph A, Section (6), of 
Dr. Robinson’s paper refers to the character of the 
deterioration found in the dielectric of a cable-end 
under voltage test when gas is applied to the ter¬ 
minal. Reference is being made here, no doubt, 
to the practice adopted to overcome the flash-over 
of cable-ends during high-voltage tests. In such a 
method the end terminates in a sealing bell, which 
is filled with a gas such as nitrogen to a pressure in 
the neighbourhood of 200 lb. per sq. in. The resulting 
brilliant tree formation is shown in Fig. 5. It would 
appear from this illustration that either the dielectric 
as a whole contains air spaces or spaces of low pressure, 
or, owing to disturbance in handling, air has become 
entrapped between the papers at the ends, and-, although 
the whole end is in the presence of gas under pressure, 
there is clear evidence of ionization with treeing. 

Later in the same paragraph Dr, Robinson uses the 
expression ** pressure cable ” in relation to specimen FI 
in Fig. 5. The original pressure cable is that type of 
cable, manufactured and supplied in Great Britain and 
on the Continent, in which the dielectric is under 
mechanical pressure. The pressure medium is usually 
gas, such as nitrogen, which is not in actual contact with 
the dielectric but acts through an impermeable diaphragm 
such as a thin lead sheath. In such a cable, as normally 
constructed, ionization treeing as depicted in Fig. 6 is 
impossible: it is contrary to the theory of the pressure 
cable and has never been observed in practice by manu¬ 
facturers of this particular cable in this country or 
abroad. I therefore think that Dr. Robinson is still 
referring here to a cable-end filled with gas under 
pressure, and not to a pressure cable. I should be glad 
of his confirmation of this. 

Dr. Robinson cites the oil-filled cable as an example of 


the phenomena described in paragraph J, page 95; I 
should like to mention the pressure cable as a further 

example. 

Fig. 8 of Dr. Brazier’s paper shows a family of typical 
super-tension cable curves which are used in the calcu¬ 
lations outlined in the paper, and therefore influence the 
results obtained by the method. Similar curves obtained 
from a pressure cable would, I submit, form a less 
unruly family than this. 

I am in sympathy with Dr. Brazier’s note on page 
104 regarding the term power factor.” I prefer 
to nse the term “ power factor of the dielectric ” 
rather than “ power factor of the cable ” when referring 
to the cosine of the angle ^ between the admittance 
vector and the resistance vector; and, of course, 

S = l-zr — 

[Communicated): With regard to Figs. 10 and 11 of 
Dr. Robinson’s paper, which depict developed sections 
of the dielectric, at the meeting it was suggested by 
Mr. Borlase Matthews that more effective barrier action 
might be obtained by bevelling the edges of the paper 
tapes. Lengths of cable were manufactured on these 
lines 7 or 8 years ago to Patent No. 261724, both in 
this country and on the Continent. The paper was 
chamfered along both edges of the strips. Although a 
slight improvement was observed, the results did not 
justify the expense and trouble of the modification. 

It is indicated in Dr. Brazier’s paper that the curves 
shown in Fig. 3 are not representative of the best 
modern cable practice, and I would point out that 
results obtained from calculations based upon such 
poor curves would tend to lead to adverse conclusions 
respecting thermal instability, and thereby give a wrong 
conception of present-day quality. The characteristic 
curves obtained on a virgin cable of modern manufacture, 
no matter what the type, would be far superior to those 
depicted. Further, for a type such as the pressure 
cable, specially designed to eliminate low-pressure spaces 
in the dielectric at all prevailing temperatures, there 
would be practically no departure from the initial curves 
after the cable had been subjected to an indefinite number 
of heat cycles up to 80°, 90°, or even 100° C., under 
electric stress. 

Dr. A. T. Starr: Dealing with Dr. Robinson’s paper, 
the efiect of direct-current stress is particularly interest¬ 
ing. It would seem that the basis of the author’s 
explanation implies the same sort of phenomenon as 
Gemant suggested, namely, that when we apply an 
electrical stress to a void, as the stress increases there 
comes a point when the void flashes over, the positive 
charge going in the direction of the stress and the 
negative in the other direction. Thus a stress opposite 
to that applied is produced in the void, and then the 
void behaves in the normal way until the stress increases 
further! The reference to Brown and Sporing (page 102) 
I find slightly misleading. In their case the d.c, stress 
caused no energy loss, but they were concerned only 
with voids completely isolated in the dielectric, whereas 
the voids which are responsible for the tracMng 
mechanism described in Dr. Robinson’s paper are more 
or less connected to the conductor by the conducting 
track. 

1 My discussion of Dr, Brazier's paper is concerned 
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with a number of isolated points. On page 108 the 
author states a very important theorem of extreme 
use, and says that the step-by-step method of inte¬ 
gration can be applied to non-circular cables of any 
shape.’' This is perfectly true, but the proof as given 
is inadequate. G^, P^, here have no meaning. They 
refer, I suppose, to the capacitance and the thermal 
resistance between concentric rings in a circular cable; 
in a non-circular cable, however, there will not be any 
concentric rings. The theorem can be proved adequately 
in the following way. It can be shown by two methods, 
the neater method being due to Mr, Stienon, that when 
the DX.A. is independent of the stress the equipotentials 
and isothermals in the dielectric comcide. We can 
therefore divide the dielectric into a number of rings 
by means of the conductor sheath and equipotentials, 
and then in the case of the non-circular cable the work 
goes on exactly as for the circular cable. It is very 
difficult to apply this step-by-step method to a non¬ 
circular cable whose D.L.A. depends on the stress, but 
the following procedure may give reasonable results. 
The electrostatic problem is first solved, and then the 
equipotentials and the lines of equal stress are drawn. 
Imagine the dielectric divided into ten rings bounded 
by equipotentials: each ring has areas under different 
stresses. The dielectric loss in each ring is obtained by 
addition, and then the rings are dealt with as before. 

On page 111 of Dr. Brazier’s paper it is stated: “ In 
practice, what is required is to know the thermal state at a 
given conductor temperature, and what conductor cur¬ 
rent can be carried in this state.” I suggest that the con¬ 
ductor temperature is quite irrelevant, provided it is not 
so high as to char the paper. What the mains engineer 
wants to know is what current his cable will carry under 
certain conditions of laying, and the designer wants to 
know the same thing, but for general conditions of laying. 
The types of instability curves shown in Fig. 7 are most 
suitable for the designer, because he has to draw only 
one straight line for a given pair of values of external 
thermal resistance and ambient temperature. It suffers 
from a slight disadvantage in that the straight line will 
meet the important curves at a small angle, and the 
error is thus increased. It is much better for the cable 
user to have a diagram of rather a different type. Given 
an external thermal resistance and an ambient tem¬ 
perature, we assume any value of sheath temperature, 
and we know immediately by simple division what sheath 
watts can be dissipated. We then proceed by the step- 
by-step method from the sheath to the conductor, and 
find how much conductor dissipation is allowable. 

If we plot current against sheath temperature, we get 
a curve like an inverted parabola, and the maximum 
is clearly discernible. For example, let us consider an 
experimental cable, 3-core, 132-kV, 0*3-sq. in., 0‘6-in. 
wall, to work at an over-voltage of 50 per cent. The 
internal thermal resistance per core was calculated to 
be 118 thermal ohms, the external resistance was taken 
as 140 thermal ohms, and the ambient temperature as 
15° C. Fig, A gives the sheath and copper temperatures 
and the current. 

It is also possible, when calculating in this way, to 
get an approximate curve for a different ambient tem¬ 
perature without going through the step-by-step method 


all over again. If the ambient temperature increases 
by 5 deg. C., we merely take a corresponding increase 
in sheath temperature. The sheath watts are therefore 
the same, and we take two of the values of dielectric 
loss from the preceding calculations, so that the conductor 
watts are greater than one calculated value and less than 
another. Quite a good approximation is obtained in 
this way. The most suitable curves for a cable user, 
therefore, are a series of curves very much like parabolas 
for different external thermal resistances and for one 
ambient temperature. For the cable designer, however, 
such curves are not of much use, and a more accurate 



Fig. a. 

The numbers on the curve indicate conductor temperatures in deg. C. 

6g = sheath temperature. 

set of curves is obtained in the following way. Firsts 
dielectric losses are plotted against sheath watts for given 
values of sheath temperature. Then for a given external 
resistance the sheath watts are calculated from the simple 
formula connecting the sheath and ambient temperatures 
and the external thermal resistance. The corresponding 
dielectric loss is read off from the curve, and subtraction 
gives the conductor watts. The cable user’s diagram 
can then be drawn. 

I should like to describe two methods of finding 
stress D.L.A. from mass D.L.A. which do not suffer from 
a slight arbitrariness which occurs in the method em¬ 
ployed by Dr. Brazier. In the first case we assume a 
polynomial expression for the mass-D.L.A. curve and 
the stress-D.L.A. curve. The former is found by measure- 
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ment, and a polynomial fitted. The application of 
equation (6) in the first paper then yields the coefficients 
for the polynomial representing the stress-D.L.A. curve, 
which can then be plotted. There is, however, another 
method which is rather more useful. By means of equa¬ 
tion (14) in Dr. Brazier’s paper we correlate the DX.A. 
at a certain stress with the D.L.A. at a very much lower 
stress plus a certain simple quantity which can be cal¬ 
culated from the mass-D.L.A. curve. We attach to this 
lower stress any kind of D.L.A. we like, preferably a 
constant value, and then find that we can calculate the 
D.L.A. curve for stress very simply from the D.L.A. 
curve for the cable. 

Mr. R, C. Mildner: I propose to confine my remarks to 
Dr. Robinson’s paper. One Continental cable maker has 
suggested the use of polystyrene tapes in the manufacture 
of his cable, and I should like to ask the author what 
would be the effect of applying next to the conductor 
of, say, a 66~kV cable a thin layer of dielectric the 
long-time breakdown strength of which is considerably 
higher than the maximum working stress. Is it the 
author’s opinion that such a cable might be expected 
to survive failure indefinitely ? According to his 
mechanism, coring cannot take place in such a dielectric, 
and consequently the interior of the dielectric might 
be deteriorated and still survive breakdown. 

It cannot be too strongly emphasized that this type 
of failure is only the final stage of a deterioration which 
progresses continuously throughout the active life of 
the dielectric. 

Dealing with short-time breakdown tests of the order 
of several hours, if a cable dielectric is subjected to stress 
for a period corresponding, say, to 75 per cent of its 
normal life, it will be found to have suffered no ill effects 
which can be detected by physical tests, other than 
an impaired ability to withstand subsequent stressing. 
What is the nature of this deterioration which enables 
a dielectric to “know” that it has been subjected to 
excessive stressing ? I should like to suggest that it is 
the gradual absorption by the dielectric of gas liberated 
by the ionic bombardment, and that the initiation of 
the coring and tracking mechanism coincides with 
some phase of this gas absorption. Similarly, with high- 
voltage cable tested at moderate over-voltages of the 
order of 50 per cent, we have observed that some 66-kV 
cables, having initially a short-time breakdown strength 
of considerably over 300 kV, deteriorated in the course 
of several months’ testing until their short-time break¬ 
down strength was of the order of 145 kV, without 
trouble occurring at the test voltage. It seems to me 
that this observation gives promise of a useful criterion 
in any accelerated-ageing test for super-tension cables 
working at moderate over-voltages and subjected to heat 
cycles. 

Mr. W. Bibby: Dr. Robinson’s paper indicates that 
one of the main causes of treeing is the presence of voids, 
and I should like the author’s opinion on whether it is 
possible to eliminate voids in either the external pressure 
type of cable or the internal pressure type. Regarding 
the d.c. testing of cables, I should like to know whether 
a d.c. failure at a weak place may cause breakdown at 
some other place which, although weak, would still 
sustain the a.c. voltage for long periods. The author says 


something about severe handling; unless the cable is 
handled carefully there are possibilities of creating 
voids, e.g. by the insulating tapes being lapped on the 
cables in the wrong direction. 

Dr. Brazier’s paper describes methods which are no 
doubt invaluable where the testing conditions are 
purposely made bordering on the unstable; supply 
engineers who may be feeling nervous should look at 
the table in Appendix 1, which shows that, as would 
be expected, the ratio of dielectric loss to copper loss 
is very high—15:1. In practice, of course, this ratio 
would only be of the order of 10 per cent, so that one 
would only expect, on a normal 66-kV cable, a difference 
in temperature between the sheath and copper of the 
order of 3 deg. C. due to dielectric loss when the cable 
was working at its maximum conductor temperature. 
A small variation in external conditions may produce 
a far greater change in conductor temperature than 
would be represented by the difference between the 
results given by the step-by-step method and the 
approximate method. 

Most practical cable engineers, particularly those who 
10 or 15 years ago were thinking about 33'kV and 66-kV 
cable, will be conversant with Fig. 11. The dielectric 
loss in those days was a factor to be taken into account, 
even under normal working conditions. The right-hand 
diagram in Fig. 11 undoubtedly represents an unstable 
condition for test purposes, but in practice the tem¬ 
perature of that cable would never reach the point where 
the vertical line is shown; so that, although the cable 
may be called unstable as regards test conditions, it 
would certainly be quite stable in practice. 

Curves are given in the paper for D.L.A. plotted 
against voltage and temperature, and naturally the 
values given in these curves could be correlated with 
the power factor or D.L.A. in a cable in which there 
is core heating. It would be useful if some indication 
could be given of the correlation (if any) which has been 
obtained in this way. 

Dealing with cable design in general, there are several 
features that one could mention. To refer to one or 
two, since void formation is a factor both in treeing 
and in deterioration one naturally concludes that an 
oil-filled cable, or alternatively one using a thinner oil 
containing no resin, would be beneficial. Almost all 
electrical apparatus has attached to it indicating devices 
to inform one as to its condition, but a cable is put into 
the ground and forgotten. There is no doubt that it 
would be beneficial even if only thermocouples were 
placed in parts of the route where the effect of the 
proximity of other cables is serious. In London to-day 
there are spots where in the near future the condition 
will arise that the addition of further cables will not 
help the situation. I would point out that cables, unlike 
electrical machinery, are not provided with cooling 
apparatus. 

Mr. S. A. Stevens: There is one small point which 
none of the previous speakers has raised, perhaps because 
thermal instability has not yet become a serious problem 
with regard to cables. The point is this: how can we 
define a factor of safety ? Referring to Fig. 1 of Dr. 
Brazier’s paper, it is very hard indeed to define just what 
factor of safety we have if we are working at a point 
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such as L. I should like to know what the author 
proposes to do as regards stating a factor of safety and 
determining suitable safe operating conditions for high- 
voltage cables. The practice in the firm with which I 
am associated is to work on a factor of safety represented 
by a given number of degrees above the normal maximum 
operating ambient temperature; thus if we are told the 
normal maximum operating ambient temperature is 
35° C. we find a loss curve to which the dissipation curve 
will be tangential when we have an ambient temperature 
a given number of degrees above that point. I should 
be glad to know whether the author has any comments 
to make on this matter. 

Mr. R. Borlase Matthews: Referring to Figs. 10 
and 11 in Dr. Robinson's paper, would it not be an 
advantage, instead of using clean-cut edges to the 
paper winding strip, to have the edges frayed or tapered 
so as to make a more homogeneous joint ? This sug¬ 
gestion might be carried to the point of having paper- 
composition sheathing machines instead of strip winding 
machines. The suggested machines would be on the 
lines of sheathing machines and would provide a com¬ 
plete paper-composition cover, in several separate 
layers for the sake of the subsequent flexibility of the 
cable, thus eliminating the joints of the paper strips. 

Looldng at the papers from the point of view of the 
ordinary engineering reader who is not a cable expert, 
it seems to me that the authors should give an explana¬ 
tion of some of their abbreviations. As an illustration, 
on page 118 of Dr. Brazier's paper there is a reference 
to the " D.L.A./temperature characteristic an expres¬ 
sion such as this deserves a footnote. 

Referring to Fig. 2 of the same paper, it seems to 
me to be very fortunate for the cable makers that the 
higher-voltage cables are of the single-core cylindrical 
type, because, owing to the increased area of the dielec¬ 
tric as it gets farther away from the core, there is an 
increased surface for dissipating the heat. In such 
cables, if it were not for that fact, it would seem to be 
rather important to measure the quantity of heat, 
whereas for present purposes the temperature gradient 
would seem to be quite sufficient, 

Mr. W. A. Del Mar (U.S.A.) {communicated ): Dr. 
Robinson correctly quotes me as having stated that tree 
patterns occur in the interior of a cable, unaccompanied 
by charring of the papers above and below. Fortu¬ 
nately, I have kept some of the examples upon which 
I based this statement, and have been able to follow 
Dr. Robinson’s suggestion to examine the apparently 
uninjured papers with a microscope. There are no 
perforations but there are microscopic carbonized spots, 
which are located with reference to the trees as Dr. 
Robinson’s theory would require. 

The first evidences of carbonization are in the second 
layer of paper from the conductor- and are situated 
directly over the channels between the edges of the first 
paper. This suggests that the disturbances which caused 
the carbonization originated in the oil between tape 
edges, and it would therefore seem important to keep 
down the electric stress in that oil by making the per¬ 
mittivity of the paper as little as possible in excess of 
that of the oil. It was noted that the * ‘ corings ’ ’ always 
originate where the apex of a strand crosses an inter¬ 


edge channel, i.e. where the electric stress in the oil 
is greatest. 

I am thus able to confirm Dr. Robinson’s theory that 
the tree type of failure starts with the formation of a 
carbon needle based on the conductor surface and 
stretching radially outward. The origin of the conducting 
needles, however, remains to be explained, and perhaps 
the following theory propounded by Dr. Harold S. 
Osborne* may furnish the clue. 

Let us accept the assumption that an excessive 
potential gradient at any point always disrupts the 
dielectric at that point. It seems evident upon con¬ 
sideration that, even in a perfectly homogeneous 
dielectric, the uniform breakdown required by the 
Russell hypothesis would be a condition of unstable 
equilibrium, for if the breakdown proceeds a little 
farther at one point than at the points around it, the 
charge flowing into that advanced point will reduce the 
stress on the surrounding points, and the more intense 
field at the end of the advanced point will tend to 
push the breakdown farther and farther into the 
dielectric. Commercial dielectrics, which cannot be 
perfectly homogeneous, should then be certainly expected 
to break down not uniformly, but at a number of points, 
so that the incipient breakdown produces much the 
same effect as a number of needlepoints thrust into the 
insulation.” 

Mr. J. S. Hastie {communicated): Dr. Robinson 
differentiates between ” coring ” and ” tracking,” the 
former being the carbonization through a paper as a 
result of a puncture and the latter the tree formation on 
the surface of a paper. When conducting a large number 
of breakdown tests some little time ago we found that the 
tree formation itself could be split into two different 
classes. In the first class the tree formation was on the 
surface of the papers and could be easily removed by 
scraping lightly with a penknife or the finger nail; in the 
second class the trunk of the tree and some of the main 
branches had burnt deeply into, and in some cases right 
through, the papers. These observations were made at the 
time when experiments were being carried out with a view 
to establishing a method of determining the residual 
moisture content of samples of cable dielectric. It was 
observed that, when the residual moisture content was 
fairly high, the burning of the papers was very pro¬ 
nounced, but when the residual moisture content was 
low, i.e. below 0*075 per cent, the tree formation, 
although prolific, was confined almost entirely to the 
surface of the papers. It would be interesting to know 
whether Dr. Robinson has observed this effect. It may 
be, however, that all the cables he examined had very 
low residual moisture contents. 

He states most emphatically several times in his paper 
that, although the maximum apparent deterioration 
occurs at a distance from the conductor, there is no 
evidence that such deterioration has any influence on 
the eventual breakdown of a cable. While this may be 
so in the case of a length of virgin cable, it is rather 
difficult to accept such a statement for the case of cables 
that have been subjected to severe heat cycles. When a 
cable is subjected to repeated heat cycles, the com¬ 
pound gradually migrates to the outside of the dielectric 

* Transactions of the American 1910, vol. 29, p. 1574. 
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and a break takes place in the compound column on 
cooling. 

On examination of certain solid-type cables after re¬ 
peated heat cycles to fairly high temperatures it is 
generally found that a belt of papers exists towards 
the middle of the dielectric which is seriously lacking 
in compound. The papers themselves are dry and have 
a matt surface, the gap between convolutions being 
quite devoid of compound. This belt of 15 to 25 dry 
papers is generally located at a distance of approxi¬ 
mately one-third to one-half of the thickness of the 
dielectric from the conductor, depending on the geometry 
of the sample. The papers on both sides of this belt, 
that is towards the conductor and towards the screen, 
are generally found to be in excellent condition, being 
well impregnated and ail gaps between convolutions 
absolutely full of compound. 

On subjecting a cable in this condition to high electric 
stresses, severe burning was found to have taken place 
in this belt of dry papers, and absolutely no connection 
could be found between this burning and either of the 
electrodes. Possibly Dr. Robinson has some further evi¬ 
dence which has been overlooked in the case referred 
to above. 

Some rather peculiar test results obtained on another 
length of cable in the condition described above may 
be of interest. The cable had a 0*3-sq.in. oval con¬ 
ductor and was insulated for 33 kV. After repeated 
heat cycles to fairly high temperatures the power factors 
at working voltage and twice working voltage when 
corrected to 15° C. were found to be 0*39 per cent and 
0 • 54 per cent respectively, thus indicating severe ioniza¬ 
tion. On examination of samples of the cable it was 
found to be exactly as described above, i.e. there was 
a belt of dry papers approximately one-third of the 
thickness of the insulation from the conductor. Further 
heat cycles with and without applied voltage did not 
seem to make any alteration to the value of the power 
factor, neither did prolonged resting without voltage 
nor prolonged periods under working voltage. When 
150 per cent working voltage was applied for some time 
a very slight improvement in the power factor was 
found. The voltage was then increased to twice working 
voltage, and the power factor was now found to improve 
rapidly. After approximately 200 to 250 hours under 
twice working voltage the power factor had recovered 
to the figure obtained on the cable immediately after 
completion of manufacture, i.e. 0*36 per cent at working 
voltage and twice working voltage. On examination 
of short pieces cut from the cable it was found that the 
compound had somehow returned to the dry places and 
the cable throughout had the appearance of a freshly 
impregnated length. Part of the cable after this re¬ 
covery was subjected to twice working voltage for over 
1 000 hours, and no alteration in the power factor took 
place. It would be interesting to know whether Dr. 
Robinson has come across such a case as this, and whether 
he can give any explanation. It may be that, under 
the effect of the electrical stress, the compound moved 
towards the region of lower permittivity; or, again, gas 
in the voids may have been forced into solution, thus 
reducing the pressure and facilitating the return of the 
compound* 


It would almost appear as if the cable described above 
would give much more satisfactory service when operated 
at a high electric stress rather than at the comparatively 
low stress for which it was designed. It would appear 
also as if stability tests conducted with some; fairly high 
and perhaps critical value of applied voltage woulcl show 
a much better performance than stability tests conducted 
with working voltage or with no voltage at all; but it 
has unfortunately been impossible so far to conduct 
the experiments necessary either to prove or to disprove 
this. 

With reference to Figs. 8 and 9 in Dr. Robinson’s 
paper, it is unfortunate that the tests were carried out 
on papers of varying thickness and varying density, as 
it is well known that thin samples of most solid materials 
give a higher electric strength in volts per unit thickness 
than thicker samples of the same material. This fact 
is made use of by the designers of power condensers, 
who frequently use a laige number of thin papers in 
preference to a small number of thick papers so as to 
give a higher total breakdown strength. It is interesting, 
however, to see that a considerable improvement is 
obtained by the use of 3•5-mil paper instead of the more 
usual 4* 5-5-mil paper. 

In Dr. Brazier’s paper it is pointed out that the thermal 
stability of the dielectric is of importance in the case of 
cables for 66 k\^ and above. When we were conducting 
breakdown tests recently, however, on 10-kV oval- 
conductor screened cables, we observed two entirely 
different types of failures. The tests were being con¬ 
ducted with a view to producing the time/voltage break¬ 
down curve for the cable and it was found that, almost 
without exception, the long-time breakdowns at voltages 
approximating to the asymptotic value took place on the 
minor axis of the cable and were accompanied by severe 
tree formation through the dielectric. The short-time 
breakdowns at high voltage, however, generally took place 
on the major axis and were in the form of clean punctures, 
almost no tree formation being visible anywhere in the 
cable. The cable had previously been subjected to 
repeated load cycles to fairly high temperatures, and the 
dielectric was soft on the minor axis although still fairly 
hard on the major axis. The smell of the samples after 
breakdown corresponded exactly with the author’s 
description, so that it would appear that the low-voltage 
long-time failures were of the tracking type in the soft 
portion of the dielectric on the minor axis while the high- 
voltage short-time failures were of the thermal type on the 
major axis, where the electrical stress at the surface of 
the conductor was greatest. It would be very interesting 
to know whether the author has observed this effect when 
testing oval-conductor cables. 

Mr. M. Hochstadter (Belgium) {communicated): In 
the first paragraph of Section (6) and in Fig. 5 of his 
paper, Dr. Robinson describes the influence of pressure 
on the treeing. The wording of this section is such as to 
convey the impression that Dr. Robinson’s experimental 
results and conclusions are representative of the influence 
of mechanical pressure upon cable dielectrics in general, 
and for pressure cable in particular. I understand, 
however, that his tests have been carried out on cables 
the dielectric of which contains gas under pressure. 
His results and conclusions, therefore, are valid for 
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such cable only, which should be called “ gas-filled 
cable/' 

The term “ pressure cable " is incorrectly used by Dr. 
Robinson. A pressure cable contains no gas in its 
dielectric; on the contrary, its dielectric is separated by 
an impervious pliable wall from the pressure medium, 
which may be a gas. The latter compresses the dielectric 
through the wail. This type of cable is the only one 
with the dielectric under pressure which has not only 
been invented but also thoroughly investigated and put 
to practical use. The claims which have been made for 
it have been substantiated by the operating results of 
installations of such cables which have been in service 
for several years. 

The inventors'^' and manufacturers of this type of 
cable have given it the name “ pressure cable," which 
name should be reserved for this type of cable, in order 
to distinguish it from other types, more particularly from 

gas-filled " cables. 

In none of the breakdown tests on this type of cable 
which have been made during the past few years on the 
Continent have treeing, waxing, or carbonization been 
observed. In., every case breakdown has been due to 
a straight-through puncture, without any signs of 
deterioration. These tests have extended over periods up 
to thousands of hours. From this point of view Dr. 
Robinson's test-results, more particularly those in Fig. 5, 
show clearly the difference in the electrical behaviour of 
a gas-filled cable as compared with that of a “ pressure 
cable," and the advantages of the latter type. 

My remarks in regard to Dr. Brazier’s paper refer 
particularly to the second paragraph on page 104, to 
Figs. 3 and 15, and to the second paragraph on page 112, 
in which latter the author mentions an article by Dr. 
Vogel and myself. 

The author is evidently in error in stating: "Very 
little attention, however, appears to have been paid to 
the question of thermal instability in cables." About 
6 years ago, in the room in which we are now sitting, I 
read a paperf giving a rather complete survey on thermal 
breakdown and on the possibilities of breakdown of 
cables by thermal instability. Most of the principal 
points stressed by Dr. Brazier will be found in that paper, 
but I went even farther than him in that I took into 
consideration the efi’ect of time and of a certain tem¬ 
perature limit on the thermal breakdown, and thus was 
able to explain the whole time/voltage characteristic 
of a cable on thermal grounds. 

In a paper.t published in 1922 I dealt with the influence 
of the dielectric losses on the rating of cables, and 
described an experimental investigation of the thermal 
stability of a particular single-core cable. It was found 
that this cable would become unstable if tested with 
double the operating voltage whilst loaded with 1|^ times 
its normal rated current. These conditions are similar to 
those stressed by the present author, and the cable which 
I used then, 15 or 16 years ago, gave similar results to 
those obtained on his cable. Such results are not repre¬ 
sentative, of course, of our greatly improved present-day 
cables. 

* British Patents 264135, 366673, and others. 

t .“Testing High-Tension Cable for Rehability in Service,” Electrical Power 
Engineer, 1928, voL 10, pp. 307, 361. 

t Elektrotechnische Zeitschrift, 1922, vol. 43, p. 205. 


Curves of the type shown in Figs. 6 and 7 are to be 
found in a paper'*'' on thermal instability of cables which 
was published as long ago as 1917. 

Dr. Brazier confirms that cables may break down from 
thermal reasons if their dielectric-loss curve is sufficiently 
unfavourable in actual value and in slope at high tem¬ 
peratures. He also confirms the fact that thermal in¬ 
stability of a cable is facilitated if the cable is not only 
under voltage but also under current load. Fie does not, 
however, give a convincing answer to the question: Do 
present-day low-loss cables really fail from thermal 
reasons when they are subjected to breakdown tests 
without current load ? This question seems to me to be 
the main issue of this problem, not only theoretically but 
also practicall}^. The answer to this question once given, 
the more complicated problem may be solved of how a 
particular cable behaves under the combined action of 
voltage and current. The latter problem is only of 
restricted importance for the design of modern types of 
cables, e.g, the pressure cable and the oil-filled cable, 
which can easily withstand a prolonged test at twice the 
normal operating voltage and full current load. On the 
other hand, this problem is difficult to solve in a definite 
manner for the ordinary solid cables, the stability of 
which also depends on load variations. 

I would point out that breakdowns such as those 
illustrated in Fig. 15 of Dr. Brazier’s paper are not due 
to thermal instability of the cable as a whole. They 
are due to what have been known for many years as 
" hot spots ’’ in the ordinary type of solid cable. A 
hot spot may be described as a thermo-electric break¬ 
down; it is initiated not by thermal instability but by 
some local deficiency followed by the production of an 
abnormal amount of heat at this particular spot. To 
call this a breakdown of the cable arising from thermal 
instability is not even compatible with the author’s 
definition in the last paragraph of col. 1, page 105. 

Dr. Brazier seems to have misinterpreted in some 
respects the recent paperf by Dr. Vogel and myself. 
As a matter of fact, the contradiction which he sees 
between our results and his own does not exist. We 
did not work with the ordinary solid cables as he has 
done, because, on account of the complications of the 
process of thermo-electric breakdown of such cables 
caused by lack of homogeneity, no dependable solution 
to our problem could be derived from them. We there¬ 
fore limited our investigations to a type of cable which 
is essentially uniform in structure and behaviour, namely 
the pressure cable. In the particular case which he cites 
we found that the pressure cable, which had a long-time 
breakdown value of more than 40 kV per mm, was still 
very stable with regard to thermal conditions when bein g 
stressed at 35 kV per mm. It was possible to heat the 
lead sheath of this cable from room temperature up 
to more than 100° C. without disturbing its thermal 
stability under a stress of 35 kV per mm, a far higher 
value than those employed by Dr. Brazier. Dr. Vogel 
and I were perfectly acquainted with the fact that 
it is possible to get a cable into the zone of thermal 
instability, either by raising the ambient temperature 
of the cable or by adding to the dielectric loss another 

* A. F. Bang and H. C. Louis: Transactions of the American I.E.E., 1917 
vol. 36, p. 431. 

t Elehirotechnih und Maschinenbau, 1933, vol 61, p. 218. 
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loss due to heating the conductor with current. In our 
experiments a definite breakdown due to thermal in¬ 
stability was even intentionally obtained (see Figs. 5 and 6 
of our paper) with a method very similar to that applied 
by the author, namely, by heating of the lead sheath. 
Thus his contention that our cable would have become 
thermally unstable if sufficient current load had been 
added when it was under a stress of 35 kV per mm is 
not at all contradictory to our paper. 

Since the publication of that paper further experiments 
have been made on pressure cables at stresses exceeding 
35 kV per mm; it has been found that, whilst a cable 
may still be quite stable at 35 kV per mm, it may 
become thermally unstable under stresses higher than 
40 kV per mm without additional heating from other 
sources. In one particularly simple experiment a 3-con¬ 
ductor cable was subjected to long-time breakdown tests 
in different ways. It was found that breakdown occurred, 
say, above 40 kV per mm if only one core was stressed, 
above 35 kV per mm if two cores were in parallel, and 
above 30 kV per mm if all three cores were being sub¬ 
jected to voltage stress. No particular hot spots were 
noticed, and the temperature control showed in each 
case the rise typical of thermal instability when a tem¬ 
perature of about 110° C. was reached. Examination 
of the dielectric showed a straight-through burn-out, 
without other signs of deterioration. 

Mr. A. M. Thomas {communicated ): I note that Dr. 
Robinson found that the breakdown voltages of samples 
of cable when tested with alternating current in con¬ 
junction with a superimposed direct current were inde¬ 
pendent of the latter. The superimposed direct current 
was such that in some cases the conductor was always 
positive, and in other cases negative, with respect to 
the sheath. According to Dr. Robinson’s theory the 
breakdown of the cable depends upon ionization in 
gaseous voids. It is clear that when the superimposed 
direct current is such that the conductor is always 
positive, positive ions are repelled towards the sheath, 
whereas when the conductor is always negative, negative 
ions alone travel outwards. It is therefore somewhat 
surprising that no polarity effect was observed. It 
would be of interest to know whether, in post-mortem 
examinations, any differences in the mechanism of failure 
were observed. 

Dr. W. Vogel (Germany) {communicated ): It was in 
1929 that I first began to make a.c. voltage tests on the 
long-time breakdown strength of impregnated paper 
cables with d.c. voltage superposed. My tests were 
made with the same test arrangement as that described 
in Dr. Robinson’s paper, and they gave similar results. 
The test results were not published at that time because 
we hoped that the superposing of d.c. voltage would 
result in an effect fit for technical use. It was anticipated' 
that the effect of the d.c. voltage would be to produce in 
the dielectric a considerable mechanical pressure, which 
in its turn would cause a considerable increase of the 
breakdown strength under a.c. voltage. The German 
Patent No. 554966, of the 2nd August, 1929, was 
obtained to cover this idea. I share the author’s view 
and explanation regarding the independence of the two 
sorts of voltage from each other when applied to a 
dielectric. 


Dr. S. Whitehead {communicated ): Dr. Brazier’s paper 
is of particular interest to me, partly because an investi¬ 
gation has recently been completed on the subject of 
thermal instability by the Electrical Research Associa¬ 
tion, and also because a cable is an interesting case of 
thermal instability with the thermal resistance partly 
internal and partly external to the specimen. If the 
power factor or D.L.A. is large and independent of stress, 
and if the thermal resistivity of the dielectric is high, the 
critical or breakdown voltage is independent of the dimen¬ 
sions of a plane specimen and depends only on its specific 
energy losses, or the product of the D.L.A. and the per¬ 
mittivity, their temperature coefficient (assumed more or 
less exponential), and the thermal resistivity. This volt¬ 
age is a constant of the material but is normally so high 
that other factors intervene before it is realized, except 
with insulators for very high voltages. In addition, if the 
D.L.A. varies with stress the formulae are more compli¬ 
cated. Accordingly, the E.R.A. tested specimens with the 
thermal resistance outside the specimen; agreement was 
then obtained with the theoretical formulae even though 
in nearly every case the D.L.A. varied with stress, 
particularly at higher temperatures, as. is shown in 
Dr. Brazier’s paper. 

The case where the thermal resistance lies partly in 
and partly outside the specimen and where the D.L.A. 
varies with stress is peculiarly difficult, and Dr. Brazier’s 
method—employing numerical and graphical approxi¬ 
mation—is of great interest. It should be noted, 
however, that it is the variation of D.L.A. with stress 
which is the most serious difficulty. If the D.L.A. 
and permittivity are independent of stress then the 
critical voltage V^, foi" thermal instability may be ex¬ 
pressed by the equation 



where is the critical voltage for the same external 
thermal conditions but with the thermal resistance of 
the specimen neglected, is the external resistance, 
and Pi the thermal resistance of the specimen. This 
result may be derived from Fock’s analysis, and it is 
hoped to detail it in a later publication. As a cable 
is also a uni-dimensional problem, a similar expression 
applies. Now Vom is easy to compute, so that since 
the form of the function / is the same for all dielectrics 
having a D.L.A. independent of stress and a similar law 
of variation with temperature, Vm can be easily found 
from Vom^ Even if the D.L.A. varies with stress and 
the equation given becomes untrue, it is not widely in 
error except for a large effect of stress compared with 
that of temperature. If the D.L.A. varies with stress 
one calculates with the correct variation of D.L.A. 
with stress, which is not difficult, and when one deduces 
F^tiicrefrom by means of the equation given one is 
only concerned with an error in the ratio F^i/F^wi which 
is often within permissible limits. For example. Dr. 
Brazier quotes the case of a cable with an internal resis¬ 
tance of 77 thermal ohms. If the external thermal 
resistance were 97 thermal ohms and if the D.L.A, were 
independent of stress and varied exponentially with 
temperature, the ratio F^/Fom would be of the order 
of O'75, i.e. there would be a reduction of 25 per 
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cent due to the internal thermal resistance (neglect¬ 
ing the core heating). If now we take an actual 
case where the D.L.A. varies with stress, Vom can be 
calculated directly from the curves of D.L.A. and we 
can assume that the ratio is still about 0*75 

as a first approximation. This method has been found 
useful with dielectrics having complicated variations 
with stress and temperature, and it would be of interest 
if it could be applied to cables to some extent. When 
the external thermal resistance was more than 10 times 
the internal thermal resistance the ratio VmIVom not 
differ much from unity in most cases in our work. 

We have found a difference parallel to that noted by 
the author between the decomposition products for 
thermal and non-thermal breakdown in organic dielec¬ 
trics such as untreated papers, varnished silk and cloth, 
varnish pressboard, and cellulose acetate. We have. 


however, found that the puncture in. single sheets for 
thermal breakdown although of similar size to those 
observed by the author is irregular in shape, whereas 
that produced by intrinsic breakdown or external dis¬ 
charges of very short duration is vexy small and, with 
clear dielectrics such as mica and cellulose acetate, shows 
internal surfaces of reflection when examined micro¬ 
scopically. If the external discharges are of longer 
duration more extensive and sometimes tree-like damage 
occurs. 

Finally, it is of interest to note that the author finds 
with cables, as we have found with other dielectrics, 
that although breakdown may be sudden and local the 
breakdown voltage will nevertheless follow, under appro¬ 
priate conditions, the laws of general thermal instability, 
without recourse to hypotheses (such as Wagner’s) of 
filamentary or local instability. 


The Authors' Replies to the Discussion. 


Dr. D. M. Robinson {in reply): Mr. Scott quite 
rightly doubts the efficacy of V.T.B. testing as a criterion 
of cable suitability. The results set out in my paper are 
by no means confined to this type of test, and I did not 
intend to suggest that “ the way to improve quality of 
cable is to concentrate on the elevation of the V.T.B. 
characteristic.” 

On the contrary, I have very little faith in the V.T.B. 
characteristic, except as an indication of factory excel¬ 
lence, and I am much more interested in the results of 
accelerated-ageing and long-time stability tests. When 
failure or partial failure occurs, it follows the same 
mechanism whatever the method of test, provided 
thermal instability is avoided, and the paper was in¬ 
tended as an account of the mechanism rather than 
a statement of the conditions under which it occurs. 

In a further communication, dealing specifically with 
coring and tracking, it will be possible to give, as re¬ 
quested by Mr. Scott, some account of the mass of 
supporting evidence which has been accumulated. 

The difference in performance of the 3-core and single¬ 
core cables quoted by the same speaker was in all 
probability due to the much lower pressure produced in 
the latter on cooling, owing to its better filling. (The 
filler spaces in a 3-core cable are seldom as completely 
impregnated as the cable dielectric.) The breakdowns 
are not due to cavitation within the cable wall, but to the 
formation of low-pressure voids adjacent to the conductor. 

While I am in general agreement with Mr. Webb on the 
subject of waxing, it is necessary to point out that cables 
made with the best modern factory technique have shown 
only very slight waxing after a vigorous stability test 
(1 year, weekly cycles to 65° C., 1*1 and 1 • 6 times work¬ 
ing voltage) followed by 100 hours at 3*5 times working 
voltage, and it seems therefore rather rash to regard 
waxing as '‘ inevitable ” in solid-type cable. 

From the observed shapes and sizes of the wax deposits, 
it appears that the amount of gas produced by void- 
ionization is very small (see Section 11 of the paper). 

The application, next to the conductor, of a thin layer 
of substance having a “ long-time breakdown strength ” 
greater than that of paper will, as Mr. Mildner suggests, 
raise the breakdown strength and permissible working 


stress of the cable considerably. Such a construction is 
the subject of a patent originating from our laboratories 
as a result of the work described. 

I agree that in some cases the reduction of electric 
strength as a result of excessive stress may be due to the 
gas evolved, but in other cases it is undoubtedly true that 
as a consequence of the excess stress the spark discharge 
has already found its way between tlie fibres of the first 
one or two papers, although the carbon core cannot at 
that stage be detected by the microscope. 

In reply to Mr. Bibby, it may be said that no evidence 
has been brought forward to show that the breaking- 
down of a weak spot by direct current causes damage to 
any other part of the system, however weak. In practice, 
a further d.c. test should always be made after the original 
breakdown has been removed, and this would serve to 
pick out any dangerous weak spot. 

Mr. Hastie mentions the case of an oval cable in 
which the tracking took place more readily on the minor 
axis of the cable; I agree that this was probably due to 
the cable being softer on that axis. It is, of course, quite 
possible that the original coring in these cases took place 
on the major axis and then tracked around to the minor. 
The high-voltage failures were probably completed by 
thermal instability, being started by tiny tracking 
systems which were then burnt out by the fault. 

Further work has been done on the transition from 
tracking to thermal failure subsequent to the preparation 
of the original papers. Records were kept of the ” pene¬ 
tration ” of the treeing, i.e. the number of papers from 
the conductor at which the outermost branch was found, 
in all cases where a tracking system eventually caused 
thermal breakdown in the manner shown by Fig. 12 of 
Dr, Brazier’s paper. Fig. B shows for one type of cable 
the relation between the percentage penetration and the 
test voltage, and it will be seen that for the highest 
voltages the penetration becomes very small indeed, and 
is then liable to be completely burnt out by the fault. 
When this occurs, the origin of failure may be falsely 
attributed to thermal instability. 

I can sympathize with Mr. Flastie when he finds it 
difficult to understand that the presence of an ionized 
region in the centre of the dielectric does not appre- 
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ciably affect the tracking breakdown, but oiir evidence 
certainly has been that the breakdown does not tend to 
choose portions of the cable in which the mid-dieiectric 
cavitation has been severe. It is probable that the 
space charges set up by the ionization automatically 
regulate the stress layer by layer, so that the cavitation 
causes no increase of stress at the conductor. 

In view of the first sentence of Mr, Hastie^s second 
paragraph it is necessary to point out that the word 
deterioration '' throughout my paper is reserved for the 
combination of treeing, coring, and dryness, which always 
occurs in connection with tracking breakdown. Mid^ 
dielectric waxing is not regarded as deterioration, as we 
have ^ no evidence that it is harmful. The maximum 
deterioration and the maximum waxing may occur at a 
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Fig. B.—Graph showing relation between penetration of 
treeing and voltage of test, for a 66-kV cable. 


distance from the conductor, but, whereas the latter has 
no influence on the breakdown, the former is itself an 
advanced stage of failure. 

Dr. Brazier and I at first shared Mr. Thomas's view 
that there ought to be some alteration of mechanism 
according to the direction of the superimposed d.c. 
voltage, but meticulous examination of the incipient 
failures in all the samples has failed to reveal any dif¬ 
ference between the two cases, nor do these differ from 
the incipient failures in cables tested with alternating 
current only. The reason, as explained on page 97, 
is that the d.c. stress, once applied, does not cause any 
additional movement of ions and hence plays no part in 
the dynamic process of the tracking breakdown. It is 
interesting that Dr. Vogel has obtained similar results 
and shares the same opinion. Recently the d.c. voltage 
has been increased up to times the alternating-current 


r.m.s. value without any change of breakdown time or of 
the mechanism^ 

I should like to congratulate Mr. Del Mar on the care 
he has shown in keeping his samples for over 10 years! 
It is very gratifying to know that he has been able to 
find the carbon cores and that they originated, as in our 
case, in the channels between the edges of the first 
paper " or first gap. I appreciate his remarks about the 
permittivity of the oil, but of course, when a gas bubble 
occurs in the gap, precautions of this sort are no longer 
any use. I am in qualitative agreement v/ith the remarks 
quoted from Dr. Osborne's paper. 

Dr. L. G. Brazier {in reply ): It is very gratifying that 
so many matters of considerable interest have been raised 
in the discussion. 

Dr. Rayner and Mr. Webb ask about the importance 
of resin in producing a high D.L.A./temperature charac¬ 
teristic. I confirm that the curves given in the paper 
were obtained on a compound consisting of 23 per cent 
resin in a paraffin type of oil. I agree that the resin 
contributes largely, although not by any means entirely, 
to a bad D.L.A./temperature characteristic, but there 
are many difficulties in the way of a complete elimination 
of resin. The difficulty of obtaining a suitable viscosity/ 
temperature characteristic without resin can be illustrated 
by Fig. C. The viscosity/temperature curve of com¬ 
pound without resin is always much flatter than that of 
compound with resin. Without resin, therefore, it is 
impossible, or at any rate very difficult, for the viscosity/ 
temperature characteristic to be adjusted so that at 
impregnating temperatures of 120° C. or thereabouts the 
compound is sufficiently fluid to enable an easy and 
economic impregnation of the cable to be carried out, 
and at the same time at operating temperatures in the 
region of 20° C. the viscosity is sufficiently high to prevent 
drainage of the compound from the higher to the lower 
portions of the cable. 

Dr. Rayner also asks whether, when measurements are 
carried out with the tuned Sobering bridge, sufficient 
account is taken of the energy contributed by harmonics 
of the fundamental frequency. It seems likely that the 
difference between these two cases would only become 
important when the wave-form of the testing voltage was 
very impure. The work described in the paper has been 
carried out with alternators specially designed to give a 
pure testing wave-form. It may be taken that no 
harmonic exceeds a magnitude of 1 per cent of the 
fundamental, and in these circumstances energy loss due 
to harmonics is extremely small. 

Mr. Scott asks for information about the role of 
moisture in producing thermal-instability failures. I 
regret that I have not had an opportunity of examining 
this case. Trouble due to moisture is a very infrequent 
occurrence in cables of the highest voltages. So far as 
moisture is known to increase the D.L.A./temperature 
characteristic, however, it will undoubtedly promote a 
likelihood of thermal-instability failure. 

Mr. Main suggests that the high D.L.A./temperature 
characteristics described in the paper will not be ex¬ 
hibited by pressure cables. The question of pressure 
application does not, however, in fact, appear to be 
relevant to the question of D.L.A./temperature charac¬ 
teristic. Our own tests have shown definitely that the 
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appiication of pressure does not affect either favourably 
or adversely the DX.A,/temperature characteristic. 
This, of course, refers to ordinary well-manufactured 
modern cables in which there is no appreciable gaseous 
ionization. Naturally, any gaseous ionization will be 
suppressed by pressure. As a matter of fact, many of 
the examples given in the paper refer to pressure cables— 
using the term to describe any cable in which gaseous 
ionization is extinguished by the application of pressure, 
and not restricting the term in the wny that Mr, Main 
and Mr. Hochstadter would like it restricted. 

Mr. Main, Mr. Bibby, and other speakers, suggest that 
the examples given in the paper compare so unfavourably 
with cables of modern manufacture that the question of 
thermal instability for these modern cables is still a matter 



of somewhat academic interest. A number of oppor¬ 
tunities have presented themselves for examining the 
D.L.A./temperature characteristic of most of the solid 
type 66-kV feeders recently installed in London. None 
of the dielectrics so examined, however, could be put 
forward for a 132-kV feeder if a type test had to be 
carried out consisting of heat cycles on the buried cable 
in trefoil formation at a test voltage of 1 • 5 times working 
voltage, because of the intervention of thermal in¬ 
stability. In these circumstances, it does not appear that 
the subject is of that academic interest which is suggested. 

I am indebted to Dr. Starr for improving the demon¬ 
stration that thermal instability under certain conditions 
is independent of the shape or size of the dielectric. I 
welcome also his discussion of various methods of com¬ 
puting and exhibiting the thermal-stability results, some 


of which are, in fact, adumbrated on page 105 of the 
paper. 

Mr. Stevens raises the extremely pertinent question of 
the definition of factor of safety for dielectrics where 
there is any risk of thermal instability. If dielectrics 
are to be used in which this risk is present, then it will 
probably be desirable to control the overall factor of 
safety by specifying testing matgiiis on the voltage, 
conductor temperature, and external thermal resistance. 
It is to be hoped, however, that dielectrics will be pro¬ 
duced in which the risk of thermal instability is sufficiently 
remote to avoid the necessity of setting up an exact factor 
of safety. 

Mr. Hastie describes a transition on the same cable 
from failures of the tracking type with long-time testing, 
to thermal-instability failures with short-time high- 
voltage testing. This is a case of very great interest, 
which I have not myself had an opportunity of observing. 

Mr. Hochstadter appears to consider that the work and 
results described in the present paper are already ade¬ 
quately covered by publications of his own and of other 
writers; and he joins with other speakers already men¬ 
tioned in suggesting that in any case the subject is of 
academic interest only in relation to modern cables. No 
one engaged in the cable industry is likely to under-esti¬ 
mate or undervalue the contributions which Mr. Hochstad¬ 
ter has made to electrical transmission; but, after a careful 
study of all the papers to which reference is made, it still 
appears from the prejudiced viewpoint of the author 
that the present paper breaks new ground, not covered by 
the earlier publications. It is a point, however, which 
can suitably be left to the judgment of those who are 
sufficiently interested to compare the various papers. 

In his 1933 paper,* to which reference is made in the 
present paper, Mr. Hochstadter describes experiments on 
thermal instability. The experimental technique is open 
to obvious criticisms. The heating of the cable was 
carried out by means of a small heater covering only a 
few inches of the cable, no allowance being made for the 
longitudinal dissipation of heat along the sheath and 
along the conductor. Moreover, in discussing his experi¬ 
mental results he does not make use of the method of 
analysis described in the present paper, or of any similar 
or corresponding method. Thus he makes no allowance 
for the increase of external thermal resistance when the 
cable is operated in trefoil formation or for the increase 
due to bur 3 dng the feeder. It is pointed out in my paper 
that these effects may easily result in a tenfold increase 
of the external thei'mal resistance. As a general result, 
Mr. Hochstadter reached the conclusion that '‘there is 
no doubt that even this thickly insulated cable at such 
a high electrical stress (350 kV per cm) . . . is still 
thermally very stable."' As a matter of fact, it can be 
seen from Fig. 4 of Mr. Hochstadter's paper that the 
stability is solely due to the artificially high dissipation 
from the cable under the particular test conditions; that 
is to say, when the cable is tested as a single cable 
exposed in the laboratory. The actual value of the 
external thermal resistance is in the neighbourhood of 
50 thermal ohms. If the same cable is tested in trefoil 
formation and buried, the external resistance will be many 
times this value; and from the same diagram it can be 

* Elektrotechnik und Maschinmhau, 1933, voL 51, p. 218, 
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seen that it is only necessary to increase the external 
thermal resistance to 120 thermal ohms and the cable 
will go into thermal instability at 350 kV per cm without 
carrying any useful load on the conductor. 

It is quite true that Mr. Hochstadter was strictly dis¬ 
cussing the character of his high-voltage test results, but 
his phraseology appeared to suggest that there was at 
these high voltages still a very comfortable margin for the 


useful operation of the cable; which is, in fact, not the 
case. 

Dr. Whitehead's observations are of very great interest. 
It is a great misfortune that any general treatment of the 
subject, such as that described by the formula which he 
gives, must apparently be restricted to the special case 
where the DX.A. does not vary with the stress, and is 
not, therefore, applicable to the case of cable dielectric. 
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Summary. 

This paper describes demountable thermionic valves 
evacuated continuously by means of oil condensation pumps. 
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(1) Introduction. 

The idea of a continuously evacuated thermionic valve 
is as old as the art of valve making, for every valve is 
continuously evacuated unless and until it is sealed off 
from the pumps. The additional idea of making such 
valves demountable was originated during the War by 
A. K. Macrorie, C. L. Fortescue, G. B. Bryan, and 
H. Morris Airey;* and indeed experimental work on 
continuously evacuated valves of this type was carried 
out both during and after the War by H.M. Admiralty. 
Mercury pumps, at that time the standard pumps for 
high-vacuum work, had to be used in conjunction with 
continuous supplies of liquid air or solid carbon-dioxide. 
In this way, the mercury vapour given oJd from the 
pumps was frozen and thereby prevented from reaching 
the valves. The necessity for such refrigerants so 
negatived the advantages associated with demountability 
that the experiments were discontinued on the successful 
introduction of silica valves for naval wireless-telegraph 
purposes. 

We do not read of demountable valves in practical use 
until 1927, when C. F. Elwellf described the Holweck 
demountable valve and the Holweck rotary molecular 
pump which is used to exhaust it. This pump produces 
the high vacuum necessary in a thermionic valve without 
the help of either liquid air or solid carbon-dioxide. 

Demountable-valve development, in fact, had had to 
wait for developments in vacuum technique. It was 
natural, therefore, that a further development, the 
discovery of the possibility of operating a condensation 
pump without the necessity for expensive refrigerants, 
should form the starting point for another attack on the 
demountable-valve problem, and lead to the development 

* British Patent No. 162367. f Journal I.E.E., 1927, vol. 65, p. 784. 
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of the valves and associated apparatus described in this 
paper. 

(2) Development of Low-Vapour-Pressure Oils and 

Greases. 

Condensation pumps possess the property that whilst 
they can reduce the pressure of permanent gas to a 
negligible value, they cannot reduce the pressure of the 
vapour of their own working fluid below that corre¬ 
sponding to the vapour pressure of the fluid at the 
temperature of the water jacket of the pump. A 
mercury condensation pump, for example, without any 

cold trap, will reach a total pressure of 0*001 mm, 
of which quite a negligible part, say 10~® mm only, may 
be due to permanent gas such as air. The remainder 
will be due to mercury, 0*001 mm being the vapour 
pressure of mercury at the temperature of the water 
jacket of the pump. Solid carbon-dioxide dissolved in 
acetone produces a temperature of —78° C., and at this 
temperature the vapour pressure of mercury is 
5 X 10“ ® mm: at the temperature of liquid air (—190° C.) 
the vapour pressure is quite negligible. The use of a 
" cold trap, containing either of these refrigerants, 
placed between the mercury pump and the valve to be 
evacuated, thus enables a much higher vacuum to be 
obtained; in fact, a vacuum sufficient for the usual type 
of power valve, i.e. 10“® mm or less. 

It had long been realized that if we could find a liquid 
capable of being boiled at reduced pressure without 
decomposition, but about 1 000 times less volatile than 
mercury, then a condensation pump using such a liquid 
as a working fluid would produce a vacuum of about 
10“®mm without the help of refrigerants, and would be 
quite adequate for valve exhaustion. 

In 1929 one of the present authors’^ carried out some 
experiments on the distillation of lubricating oil in a 
molecular still. In such a still, the mean free path of a 
vapour molecule in residual gas is large compared with 
the distance between the evaporating and condensing 
surfaces, so that distillation occurs substantially as it 
would were the still evacuated perfectly. It was 
observed that the temperature necessary to produce a 
distilling speed corresponding to a vapour pressure of 
0*001 mm rose steadily during the course of the distilla¬ 
tion from a little over room temperature to 350° C. In 
other words, lubricating oil contains constituents which 
must be heated to temperatures varying from room 
temperature to 350° C. to develop the same vapour 
pressure as that of mercury at room temperature. 

A molecular-still'' fraction,'" less volatile than mercury 
by 120 deg. C., may be expected to have a vapour 

• C. R. Burch: Proceedings of the Royal Society, A, 1929, vol. 123, p. 271. 
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pressure at room temperature of about 10“"^ mm. If this 
•would stand boiling at the 0 • 1 mm or so necessary in 
the vapour blast of a condensation pump without 
decomposition, one could clearly expect a vacuum good 
enough for thermionic work with water cooling only. 
The more volatile fractions were therefore distilled off 
and the least volatile fractions also rejected, since they 
could not be expected to boil without decomposition. 
An attempt was then made to exhaust a 150-watt valve 
on a condensation pump using as working fluid a 

medium fraction '' made in the molecular still from 
lubricating oil. The backlash ratio,"' i.e. (Positive ions 
to grid)/(Electrons to anode), fell to a value less than is 
usual for sealed valves of this type, and so the possibility 
of an oil condensation pump was proved. 

The normal process used in the renning of lubricating 
oil involves a distillation at a pressure of a few milli¬ 
metres, and a certain amount of thermal decomposition 
(“ cracking ”) always takes place. This produces new 
volatile constituents, which, even though present in very 
small quantities, raise the vapour pressure of the oil 
thousands of times. In the molecular still, however, the 
distillation takes place at temperatures so low that 
thermal decomposition does not occur, and thus provides 
a method of obtaining the less volatile fractions of the 
oil free from '' cracked products. 

The vacuum problem of a demountable valve involves, 
however, more than the provision of a convenient high¬ 
speed pump. It requires a jointing material the vapour 
pressure of which is very small, since it is not possible— 
even with such a pump—-to reach a pressure much less 
than the saturation pressure of any jointing material 
which may be exposed to the vacuum. For example, 
suppose the exposed area of the jointing material is 
A cm 2 , and the molecular weight ikT; then lQA^/{Z0|M) 
litres of vapour at the saturation pressure of the 
material will be produced per second. If the speed of 
the pump be S litres per second for air, its speed for 
vapour of molecular weight M is S'\/{Z0IM), so that the 
ultimate pressure which the pump can produce will be 
limited to 

10 A 

lOA +3^' 

Thus a pump having a speed of 20 litres per sec. can 
reach a pressure only 3 times lower than the saturation 
pressure of the jointing material, if 1 cm^ thereof is 
exposed. This pressure will persist until the whole of 
the jointing material has been pumped away as vapour: 
this means in practice that it will persist indefinitely. 

Fortunately, substances exist which have mechanical 
properties suitable for jointing compounds, and at the 
same time negligible vapour pressure at room tempera¬ 
ture. Such substances remain as undistillable residues 
when petroleum jelly or bitumen are distilled as com¬ 
pletely as possible in the molecular still. Their 
mechanical properties are in some cases improved by 
blending with a non-volatile filler. 

To the low-vapour-pressure materials produced in the 
molecular still the authors have given the nameApiezon 
products.""* 

* From a (privative) and ttls^ov (pressure). 


(3) Design and Properties of Oil Condensation 

Pumps. 

Not every condensation pump designed to use mercury 
will operate as a pump with oil as the working fluid, 
and it has been found necessary to design pumps to suit 
the oil. A section of such a pump (Type O 3 ) is shown 
in Fig. 1. The electric heater, A, of 350 watts, boils 



the oil in the boiler part B of the pump at a pressure 
of 0 • 1 to 0 - 2 mm. The vapour issuing from the uptake 
pipe, C, is deflected by the cowl, D, to form a blast 
downwards. This strikes the water-cooled condensing 
surface at E, and carries with it those gas molecules 
which happen to enter the vapour blast. The condensed 
oil runs back to the boiler, so that the process is con¬ 
tinuous, The fore-vacuum pipe, F, is connected to a 
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pump producing a vacuum of 0*1 mm or less. This 
mode of action is, of course, exactly the same as that of 
any mercury condensation pump. The oil condensation 
pump is of special design in the following respects. 

The Baffle. 

The mouth of the pump is constricted at G, and below 
this constriction there is supported on top of the cowl 
a disc, H. The arrangement is such that a straight Ime 
drawn from any point in the vapour blast cannot pass 
out of the mouth of the pump without being intercepted. 
It is essential that this condition should be satisfied; 
otherwise oil molecules having a velocity in the upward 
direction produced by multiple collisions in the vapour 
blast, could, in the absence of the baffle, pass directly 
into the system under exhaust. This transport of 
molecules is independent of re-evaporation, and can take 
place even if the vapour pressure of the liquid at the 
condensing surface is zero. In this way the surface of a 
valve could be coated with a layer of oil even though the 
oil had a very low vapour pressure at room temperature. 
Such an occurrence has, for example, been observed 
using a pump without a baffle. The necessity for a cold 
baffle, whatever the working fluid, appears to have 
escaped notice as long as mercury was the only fluid 
used, and, in general, vacuum textbooks recommend 
that no constriction be placed above the cowl. In the 
case of mercury, the amount of vapour leaving the vapour 
blast in an upward direction is less than the amount 
which passes up through the mouth of the pump owing 
to re-evaporation from the condensing surface. Con¬ 
sequently a water-cooled baffle is not sufficient. The 
cold trap, usually a separate unit, deals effectively with 
the vapour arising through both causes. With regard 
to the oil condensation pump and baffle described, the 
point may be raised that multiple collisions can occur 
in the annular space between the cowl and baffle and 
enable some oil molecules to pass round the baffle 
without hitting it, and the question arises how many 
baffles should be provided. Clearly, the number of 
baffles should be so chosen that the number of oil 
molecules traversing the system as a result of multiple 
collisions is smaller than the number due to re¬ 
evaporation from, the baffle system. In practice, it 
appears that the baffling system described is adequate. 
The baffle is conveniently attached to the pump by 
means of the conical ground joint, shown at I, which is 
forced home by the nut, J. It is flooded with oil of the 
same type (Apiezon B) as is used in the pnmp, so that 
gas leakage is impossible. In cases where the pump is 
incorporated in a permanent pumping equipment, the 
conical .joint is sealed with bitumen Apiezon (Type KW). 

The Cowl and Uptake Pipe, 

Since the oil will decompose if boiled too strongly, the 
supply of oil vapour available is limited, and it becomes 
important that heat losses from the cowl and uptake pipe 
should be made up as far as possible by heat conduction 
from the base of the pump, and not by condensation of 
oil vapour. For this reason, the cowl is supported on a 
copper rod, silver-soldered into the copper base of the 
pump, and is centred by a spider of thin steel rods. 


The uptake pipe is made of copper and fitted with 
baffles, K, to prevent a strong vapour blast fi“om 
travelling upwards from the hot oil around the foot of 
the uptake pipe. 

The body of the pump is made from a copper-nickel 
alloy. This prevents corrosion of the water jacket, a 
very important feature, and also helps to diminish heat 
conduction from the boiler to the water jacket. 

The fore-vacuum pipe is fitted with a conical union, 
U, which is oil-sealed externally; this, together with the 
conical joint at the top of the pump, enables the pump 
to be speedily removed from any pumping equipment 
when desirable. 

Performance. 

The pump will work against a fore-vacuum pressure 
of 0*05 mm, and will produce under suitable circum¬ 
stances a limiting pressure of about mm as measured 
on an ionization gauge calibrated for air. The pumping 
speed for air at any pressure below lO""^ mm, and high 
compared with the limiting pressure, has been measured 
and found to be 20 litres per sec. 

High~baching-pressure Oil Condensation Pump. 

The authors have not found it possible to make an 
oil condensation pump which will work against a fore¬ 
vacuum pressure of more than about 0*4mm. In the 
first place, if the oil is boiled at a pressure sufflciently 
high for this purpose it decomposes, and in the second 
place when the minimum gap between the cowl and the 
condensing surface is reduced below about 2 mm (a 
condition necessary in a pump having a high backing- 
pressure) a film of oil bridges the gap and stops the 
pumping. This latter difficulty arises owing to the fact 
that oil wets the condensing surface. 

By using the somewhat more volatile Apiezon A oil, 
and by cascading two suitable jets together in one pump, 
the authors have produced a pump. Type Og, capable 
of working against a fore-vacuum pressure of 0*4mm. 
This provides a large margin of safety on the performance 
of any reasonable mechanical pump. 

The speed of the Og pump is 2~4 litres per sec., and its 
limiting pressure about mm. The authors' normal 
practice is to cascade the Og and O 3 pumps. There is 
no risk of decomposition in the O 3 pump, and any slight 
decomposition in the Og pump cannot afiect the final 
vacuum produced by the O 3 pump. The fore-vacuum 
pipes of both pumps are not water-cooled, so that the 
products of decomposition can be the more readily 
removed. The volume of oil in the liquid form lost from 
the pumps owing to this cause is negligible. 

In connection with the operation of the pumps, it is 
desirable to ensure as far as possible that the heaters 
are not energized when the fore-vacuum pressure is 
higher than 0-4 mm, otherwise the oil becomes super- 
heated to a certain extent and tends to be decomposed. 
Rises of pressure over short intervals are not detrimental, 
and in the case of a large leak starting during operation 
it is sufficient to switch ofi the heaters until the leak 
has been sealed. 

Mechanical pumps will not pump water vapour, and 
it is necessary to remove this by chemical means from 
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the fore-vacuum system. Phosphorus pentoxide is used 
for the purpose, and a few grammes of this substance 
last for several weeks. 

or** I. 

Taps. 

To enable the various parts of a pumping plant to be 
shut off from one another and from atmosphere, some 
form of tap is essential. Taps for use on demountable- 
valve plant must give absolute reliability over long 
periods. In conjunction with the Audley Engineering 
Co., Ltd., the authors have developed the metal tap 
shown in Fig. 2. The tap comprises two ports in a 
fiat steel disc, which are connected or disconnected 



Half section Half elevation 

(a) 


Moving member Stationary member 

(&) 

Fig. 2.—Metal tap. The lapped faces and oil-sealing grooves 

are shown in (6). 

by turning a fitting fiat disc carrying two transfer 
ports. Grooves are cut in figure-of-eight fashion around 
the fixed ports, and co-operative grooves are cut in 
the moving member containing the transfer ports, so 
that, in the closed position, the groove in the moving 
member connects the groove in the fixed member with 
the oil bath in which the moving member turns. Thus 
each port is completely surrounded by a groove filled 
with oil at atmospheric pressure when the tap is shut, 
and gas leakage is not possible. The first effect of 
turning the tap is to break the connection between the 
two systems of grooves, so that at no stage is the oil 
bath connected, via the grooves, to the vacuum. The 
two fiat discs are lapped flat to within a few wavelengths 
of light, so that the rate of leakage of sealing oil into 
the vacuum is extremely small. It is sufficient to empty 
the sumps, with which the tap is provided, once a year 
or even less frequently. The sumps are sealed by means 
of screwed caps containing leather washers, and are 
flooded externally. The Apiezon oil J, which is fairly 
viscous, is used as -sealing oil in the taps. 


Joints. 

We have already discussed the importance of jointing 
material in vacuum equipment. The correct design of 
joint is also important if a high ultimate vacuum is 
desired. Ground joints sealed on the outside are most 
satisfactory, since the rate at which the vapour of the 
jointing material can enter the evacuated equipment is 
limited by the small cross-section of the path afforded 
by the joint. The authors use flat ground joints in the 
valve, and prefer them to conical joints because {a) there 
is no risk of cracking either of the members of a flat 
joint owing to differential thermal expansion, and ip) it 
is easier to make interchangeable flat joints than conical 
joints. The " fit'' of the joint is made as good as 
possible using reasonable care, and all members of proud 
joints are ground flat to within one or two wavelengths 
of light. Sunk joints are lapped with flat-ring laps until 
they show a uniform finish. Special care is taken with 
the demountable joint. 

The joints are always assembled dry and evacuated 
to a pressure of 1 mm or less before jointing material is 
applied to the outside. It is easier in this way to put 
the joint together free from grit; in fact, the vacuum 
obtained with the joint dry gives an indication as to 
whether the joint is free from grit. There is, of course, 
no point in deliberately putting jointing compound 
between the faces. Flat joints should always be parted 
by leverage between appropriate parts of the joined 
members, and not by sliding, otherwise the surfaces may 



Fig. 3.—Arrangement for breaking demountable joint. 


tear each other. A convenient method of doing this is 
incorporated in the valve in certain circumstances (see 
Fig. 3). 

(4) Pumping Equipment. 

One very great objection to pumping equipment in 
the past has been its fragility. It was realized in the 
very early stages of this development that any pumping 
equipment likely to find favour in industry must embody 
a minimum quantity of glass, and that the various parts 
must be of such a design that they can be assembled 
using ordinary engineering tools. With this idea in 
mind, the authors developed the metal pumps and taps 
already described, and these are connected together 
using copper piping and conical unions. 

Fig. 4 shows diagrammatically a pumping plant 
suitable for one or more valves. The unions are marked 

U arid the taps “ T.'' P represents the phosphorus- 
pentoxide trap. The drying agent is held inside a 
removable nickel tray, and the trap is sealed with a 
glass lid. so that an inspection can be made whilst the 






plant is in operation. The arrangement of taps in 
association with the reservoir, R, enables the drying 
agent to be changed also with the plant in operation if 
this becomes necessary. 

The equipment is fitted with discharge tubes, D, 
which are energized by a small induction coil. These 
tubes are useful for tracing leaks and in the initial 
stages of pumping from atmospheric pressure. When 
the valves are in operation the vacuum is such that none 
of the tubes show any discharge; i.e. the pressure on 
the fore-vacuum side is less than 5 X 10“® mm. The 


Valve Valve 



Fig. 4.—Schematic diagram of pumping plant. 


pumping speed of the O 3 pump is about 50 times that 
of the rotary pump, so that any small but persistent 
gas evolution above normal at once shows up as a 
discharge in the tube on the fore-vacuum side immedi¬ 
ately before the rotary pump. The general lay-out of 
such a pumping plant will be seen from Fig. 5, which is 
a photograph of a combination similar to that shown 
diagrammatically in Fig. 4. 

The authors have developed a robust type of vacuum 
relay (see Fig. 6 ) which makes use of the same principle 
as the Pirani gauge, namely that the thermal conduc¬ 
tivity of a gas depends on its pressure. A bimetallic 
strip, A,.is supplied with a constant amount of electrical 




energy, and in consequence its temperature varies with 
the gas pressure. The free end of the strip carries a 



Fig. 5.—Pumping plant. 

contact, C, which at the appropriate pressure touches 
another contact, C', on a second bimetallic strip, B, 



Section on line 




icuum relay. 
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whicli is not heated. By suitable variation of either the 
power input to the strip or the contact distance at room 
temperature, the contacts can be made to operate at 
pressures between 0*05 and 0 • 4 mm of mercury. 

By interlocking such relays with an electrically- 
operated lever system the taps can be opened or closed 
at certain desired pressures. In a similar manner the 
pumps can be switched on only when the fore-vacuum 
pressure is adequate, i.e. 0*4mm-or less. In the event 
of a leak sufficiently large to spoil the fop-vacuum to 
this extent, the pumps are immediately switched off and 
thus decomposition in the oil is avoided. 

Thermal strips fitted to the condensation pumps are 
used to give a definite indication as to when the pumps 
are at the correct worMng temperature, so that the 
operator cannot light the filaments too soon. 

During normal running conditions the amount of gas 
released from the valve is very^ small, and experiments 
have shown that if the evolved gases are allowed to 
collect in a reservoir of about 5 litres capacity (e.g. R, 
Fig. 4) the rate of pressure-rise is so small that only 
after 12 hours does it bedome necessary to re-evacuate 
the reserv^oir with the mechanical pump. Consequently 
trouble with the mechanical pump, if of a temporary 
character, can be cured withoutfthe pumping plant being 
put out of commission. Alternatively, the use of suitable 
control circuits enables the "'evolved gas to be pumped 
into the reservoir and the mechanical pump brought into 
operation occasionally to re-evacuate the reservoir. 

To sum up, pumping plant has thus been constructed 
in which it is merely necessary for the operator to press 
a button to energize the equipment; the various relays 
open the taps, switch on the pumps in the required 
sequence, and give a visual indication when .the plant is 
ready for use. Naturally any fault on the apparatus, 
such as, for example/ lack of water through the pump 
jackets, vacuum failure, or heater failure, are also shown 
up on an appropriate indicator. The general rigidity of 
the equipment and its simple construction ensure that 
very little trouble is encountered in practice. This, 
together with the automatic features described above, 
enables the equipment to be operated by persons who 
have not had am extensive training in vacuum physics. 

(5) Arrangement of Valve Electrodes and 

Insulation, 

In a sealed-off valve the leads to the various electrodes 
are taken through the envelope by some form of metal- 
to-glass seal. When such a permanent joint is no longer 
essential the arrangement of the parts with respect to 
the envelope may be modified to facilitate assembly. 
The type of joint preferred by the authors, and described 
as the fiat ground joint, lends itself to the type of valve 
construction shown in Figs. 7a, 7b, 7c, and 7d, which are 
sectional drawings of a 3-electrode valve. Type 330A. 
Such a valve will take an input of 50 kW at 10 000 volts 
on a wavelength of 10 m with reasonable efficiency. 

The filament is fitted into a base B (Fig. 7a), which 
can be screwed into the filament leads (Fig. 7c). These 
consist of a solid copper rod, R, and a concentric tube, T, 
which are connected to the two copper filament flanges, 
R' and T^. A short tube S^, of either porcelain or silica, 


is used to insulate the flanges one from the other. The 
active part of the grid, G, is mounted in a copper base 
(Fig. 7b), which is connected by means of screws to the 
grid tube, C. The grid flange, C', is insulated from the 
lower filament flange, T, and the anode flange, A, by 
means of suitable lengths of insulating tubing, S 2 and Sg. 
The various flanges contain water-cooling passages so 

that the joints can be kept cool. 

After grinding, the flanges carrying the filament and 
grid, together with the necessary silica or porcelain tubes 








■Filament 



Fig. 7a. —Filament assembly. 


(the complete structure, shown in Fig. 7c, is called the 
“head^^), are assembled together and lightly clamped. 
The head is then evacuated and steam is passed through 
the water-cooling channels until the joints can be 
readily sealed with Apiezon W. At room temperature 
the strength of the joints made in this way is such that 
the head of the valve may be moved about as a whole 
without any additional clamping mechanism. As the 
filament and grid can be changed without interfering with 
these joints, they are of a semi-permanent nature. Only 
in exceptional circumstances are they ever dismantled. 

The anode, D, which is machined from a solid block 
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of copper, is supported by means of an insulating tube, 
S 4 , directly above the O 3 oil diffusion pump (see Fig. 7 d). 
The two joints are also made using bitumen, and are 
semi-permanent. The joint normally broken when a 
filament replacement is made is marked J.*' This is 
remade with either a low melting-point bitumen, which 
is sufficiently plastic at room temperature to be moulded 
by hand, or a sealing compound, Apiezon Q, which is a 
putty-like material. Both compounds have low vapour 
pressures and may be used up to 50° C. 



Fig, 7b.— Grid base (the grid). 


A series of water-cooling channels are machined in the 
anode, and so very satisfactory cooling is obtained. In 
general the valve anode is designed so that it is capable 
of dissipating the normal input rating of the valve on 
dead loss without damage to either anode or joints. 
This is quite a desirable property, since most circuits go 
into parasitic oscillation occasionally, and when this 
happens the power taken may be just as high as the 
normal input under standard oscillatory conditions with 
negligible output. 

Porcelain tubing is used for the insulating spacers for 
long-wave, and silica tubing for short-wave, valves. 



Fig. 7c. —Filament-grid assembly. 
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Fig. 7d.—A node. 


The internal edges of the joints between the various 
insulating tubes and flanges are protected from direct 
radiation and electron bombardment by means of 
suitable baffles, L. The grid tube is shaped so that it 
acts as a baffle so far as the top of the valve is concerned, 
and in this way the heating of the silica spacers due to 
radiation from the fllament is minimized. At the 
bottom of the valve, an earthed mushroom ” electrode, 
M, supported from a flange on the condensation pump, 
is arranged to form a baffle with the lower end of the 
anode; this prevents heating of the lower silica spacer. 
In the event of a flash-arc the mushroom electrode 
confines the discharge principally to the valve and 
largely prevents it from entering the pump and decom¬ 
posing the oil. The baffling system absorbs the soft 
X-rays produced in the valve. 

Apart from the diflerence in the external form of the 
valves required in order to simplify assembly, the fact 




Pig. 8.—^Two Type 330 valves on pumping plant. 


that the grid and filament structures must be inter¬ 
changeable calls for a much more robust structure than 
is normally used in valve design. A specific case, that 
of the removable filament clamp (see Fig. 7a), may be 
mentioned. This appears very massive when compared 
with the usual type of welded structure, but experience 
has shown that the requisite rigidity and interchange- 
ability are only obtained by such constructions. 

Fig. 8 is a photograph of two valves, similar to the 
one shown in Fig. 7, assembled on their pumping plant. 

Fig. 9 is a photograph of a 3-phase 80-kW rectifier 
for 10 000 volts direct current. The three rectifier valves 
are all connected to a reservoir which is pumped by a 
plant similar to that shown in Figs. 4 and 5. 

Fig. 10 is a photograph of a cubicle containing a 
15-kW 4-electrode valve and its associated oscillatory 
circuit for a wavelength of 10 m. On the right-hand 
side is the valve, and on the left-hand side is a con- 
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evened. After this treatment the parts can be stored 

until required. 

Treatment of Electrodes in the Valve. 

During assembly of the grid and filament structure a 
certain amount of grease, moisture, and dust, reaches 
the active surface of the electrodes. This is removed 
in the following way. The valve is evacuated, and as 
soon as the discharge tube on the fore-vacuum shows a 
green fluorescence the filament is lit. The current is 
slowly raised until full brilliance is obtained, so that 
striations do not appear in the discharge tube. This 
takes about 5 minutes. The grid is then de-gassed by 
electron bombardment. The power necessary depends, 
of course, on the size of the grid, and the operation takes 
30 minutes. It is not advisable to heat the anode above 
80° C., otherwise trouble is encountered owing to 
softening of j ointing material. The de-gassing treatment 
for the anode aims only to remove absorbed gas from 
the surface. With grid connected to filament, a d.c. 
voltage of about 5 000 volts positive is applied to the 
anode for 5 minutes. 


tinuously evacuated vacuum condenser which provides 
the major part of the oscillatory capacitance. Both con¬ 
denser and valve are evacuated on the same pumping 
plant. In certain cases the vacuum condenser enables 
a considerable amount of space to be saved. 


(6) Conditioning. 

Under normal operating conditions the amount of gas 
left in a thermionic valve is so small that it plays no 
appreciable part in the performance of the valve, the 
current being carried almost entirely by the electrons. 
If, however, for any reason the gas pressure should rise 
to 10“^ mm or more, the valve will become unstable if 


Fig. 9.—80-kW 3-phase rectifier. 

working at a d.c. potential of the order of 10 000 volts. 
At such pressures the number of positive ions produced 
is sufSciently large to neutralize the space charge at the 
filament, and a soft arc takes place. In the manufacture 
of sealed-ofiE valves special precautions are taken to 
'' outgas thoroughly, before' the valve is sealed off 
from the pumps, those parts which get hot during 
operation. The grid and anode are heated by electronic 
bombardment, and the envelope is '' ovened /' whilst 
actually connected to the pumps. 

In the case of a continuously evacuated valve such 
thorough outgassing of the electrodes on the pumps is 
not essential. After manufacture, and before assembly 
in the valve, the filament is lit to full brilliance m vacuo. 
This removes the oil and grease left by the manufacturing 
operations. Similarly the grid structure is vacuum- 


Fig. 10.—Cubicle containing screen-grid valve and condenser. 

The above de-gassing processes do not, of course,, 
remove all the gas from the electrodes. Any gas 
subsequently evolved is continuously removed by the 
pumps without any noticeable effect on the performance 
of the valve. 

Flash^Arc and Rocky'•Point Discharges. 

The above de-gassing processes are not sufidcient in 
themselves to render the valve suitable for use on 
commercial circuits. Thermionic valves exhibit the 
phenomenon known as the flash-arc. Gossling'*' defines 
the effect in the following way : The ' flash-arc' 
phenomenon is the spontaneous and complete breakdown 
of the high insulation normally afforded by a good 
vacuum between metallic electrodes. The breakdown 

*/OMwaZ/.JS.JE., 1932, vol. 71, p. 460. 
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does not, in general, follow immediately upon the 
application of the voltage, but is preceded by an interval 
or ' time-lag ' of widely varying duration/' Thus a 
valve which has operated satisfactorily for some con¬ 
siderable time may decide in a very small fraction of a 
second to offer negligible resistance to the passage of 
electric current. Unless the supply of energy to the 
valve is then rapidly restricted or removed, serious 
damage may result. The precise mechanism responsible 
for this type of discharge is not known/but it appears 
to be associated with the condition of the active surface 
of the electrodes. Gossling has investigated various 
factors which affect the number and distribution of such 
discharges for a given electrode system, and has con¬ 
cluded that the number of such discharges per unit time 
increases very rapidly with increasing voltage and 
decreases with time at a given voltage, provided the 
power available during the flash-arc is limited to such 
an extent that no damage is done to the electrodes by 
the discharge. The phenomenon appears to be entirely 
independent of the gas pressure. It has been suggested 
that the discharges start from minute points on the 
active surface of the electrodes and that these points 
are gradually eliminated if the discharges take place 
under controlled conditions. 

Since the tendency to flash-arc decreases with the 
length of time the voltage is applied, one method of 
conditioning a valve against this effect is to raise the 
voltage very slowly and limit the supply so that when 
a discharge does take place no damage is done to the 
electrodes. This can be done very easily, for example, 
by means of a thermionic rectifier which is saturated. 
The discharges take place at successively higher voltages, 
and provided the treatment is continued until the 
breakdown occurs at voltages appreciably higher than 
the maximum Working voltage, the valve can be con¬ 
ditioned in this way. In cases where the d.c. voltage 
available from the rectifier is not greater than the 
maximum a.c. voltage on the valve under operating 
conditions, the valve can be oscillated either on its own 
circuit or self-excited, using the rectifier as a source of 
d.c. voltage with very poor regulation. 

With other sources of d.c. potential such as mercury- 
vapour rectifiers or machines which have very good 
regulation, this method becomes tedious, particularly 
when all the metallic surfaces in the valve are being 
conditioned for the first time. Moreover, it is not always 
convenient in practice to use the normal d.c. operating 
supply for conditioning purposes, as it may be required 
for a commercial circuit Using spare valves. In view of 
these considerations the authors have developed a 
method of conditioning using subsidiary apparatus which 
is independent of the high d.c. voltage used during 
normal operation. 

High-voUage A.C/Conditioning. 

This method makes use of the experimental fact that 
the higher the voltage the more frequent the flash-arcs, 
and the sooner, therefore, they are over. With the 
filament fully bright, the anode is connected to one end 
of the secondary of a high-voltage transformer, the other 
end being connected to the filament and earth. The 
transformer is capable of delivering 100 mA at 40 kV 


(peak). The voltage on the transformer and negative 
bias on the grid are arranged so that the current through 
the valve does not exceed 100 mA. In the primary of 
the transformer a resistance is inserted, so that the 
regulation is very poor. 

The voltage is raised in stages; at each stage the 
current through the valve shows a number of flicks (due 
to flash-arcs), but the regulation is so poor and the 
voltage on the valve drops so rapidly that the fault is 
able to heal itself. At any given voltage the flicks 
rapidly decrease in number, and the voltage is then 
raised again. 

This method is used for two valves in the 60-kW stage 
of the GBS short-wave transmitter in the Rugby radio 
station. The peak anode voltage under normal oscilla¬ 
tory conditions is about 18 000 volts; the high-voltage 
conditioning takes 30 minutes, and consists in raising 
the a.c. voltage to 30 kV over about 10 minutes, and 
maintaining it for 10 minutes. 

If necessary, an alternating voltage may be applied to 
the grid during this process and the operation made 
independent of the normal d.c. supplies. The high- 
voltage equipment can be mounted on a truck and used 
for a variety of valves. 

After the above a.c. conditioning, the valves are 
connected in their normal circuits and run up to full 
load, the voltage being increased in easy stages to the 
normal operating voltage. Altogether the replacement 
of filaments in a pair of valves, the evacuation, and 
conditioning, can be finished comfortably in 6 hours. 

The treatment described is adequate for valves in 
which the electrodes have been newly fitted. No con¬ 
ditioning whatever is required if the valves have been 
shut down under vacuum, and consequently under 
normal working conditions no further treatment after 
the initial one is required. In the few cases where a 
leak has developed whilst the apparatus has been shut 
down and the pressure has risen to atmospheric, the 
authors have found that provided the valves are taken 
to their normal working voltage in about 15 minutes 
they give no trouble. In certain circumstances, i.e. 
grid-filament contact, it is necessary to open up a valve 
and make a minor adjustment to grid or filament. 
Provided this is done without touching the active surface 
of the electrodes, the valve can be reassembled, and, 
after evacuation, run up to normal operating conditions 
without any of the special conditioning operations. 
Such experience indicates that the flash-arc phenomenon 
is not primarily associated either with the gas pressure or 
with the adsorbed gas layer on the electrodes. Finally, 
there have been occasions when valves fitted with 
entirely new filaments have been put into commission 
without any special conditioning whatever. This is not, 
however, the authors' general experience. 

Measurements made on various valves operating at 
10 000 volts direct current, and used as ionization gauges, 
show, after conditioning, a backlash ratio of from 
10 000:1 to 20 000:1. 

(7) Maintenance. 

Once the valves have been put into service a certain 
amount of inspection and maintenance work on joints 
and pumping equipment is necessary. Occasionally it is 




Fig. 11.—^Valve cubicle in 10 000-cycle generator. 

It might, however, be expected to affect its stability and 
filament life. Of the valves already made, five have 
been in service for about 3 years; their behaviour will 
now be described. 

[a) Two valves operating as a IQ OOQ-cycle generator, 
used to energize a 204b. high-frequency furnace.—Th.^ 
input to the valves (see Fig. 11) varies from 20 to 45 kW 
at 12 000 volts direct current, depending on the furnace 
charge. The power is supplied from a 3“phase ther- 
imionic rectifier. The equipment is used about 
i 200 hours per year in the routine production of special 
alloys and hard metal. A filament life of 1 000-1 400 hours 
is obtained with a filament rating of 600 watts per valve. 
The grids initially supplied with the valves are still in 
service. 

ih) One valve used in the GBR ij>0-kW stage as exciter 


desirable to add sealing compound to a joint or union. 
The phosphorus pentoxide should be changed as soon as 
it becomes badly discoloured or wet. 

Renewal of the oil in the rotary pump and diffusion 
pumps is only necessary in the event of an accident 
involving water getting into the oil. The pump heaters 
have a safe life of 5 000 hours, and should be changed 
at the end of this period. 

(8) Performance. 

The fact that a valve is continuously evacuated cannot 
be expected to affect its electrical characteristics so far 
as these are determined by the geometry of the electrodes. 


for the 600-.^IF stage. —^The frequency is 16 000 cycles 
per sec., and the valve normally operates with a feed of 
0 * 8 amp. at 7 000 volts. It is fed from a 500-kW 
d.c. machine through a water resistance of 50 ohms. The 
filament power is 600 watts. The valve is satisfactory. 

(c) Two valves used in the 0)0-kW stage of the GBS 
short-wave transmitter. —^The input to this stage is about 
50 kW at 10 000 volts direct current, supplied from a 
mercury-vapour rectifier through a SO-ohm water 
resistance. The transmitter normally operates at wave¬ 
lengths from 16 to 40 m. The filament power is 1 • 5 kW 
per valve. JSTo trouble is experienced with the valves 
once they have been put on to traffic, and no special 
instructions regarding the rate at which the valves can 
be brought up to full load are necessary. 

As the conditioning process takes such a relatively 
short time there appeared to be very little point in 
striving for a long filament life. The authors usually 
arrange the filament rating so that double the usual 
thermionic efficiency is obtained, i.e. the saturation 
current is about 14 amperes per kW of filament power. 
The information available at the present time indicates 
that the filament life in continuously evacuated valves 
is not appreciably difierent from that obtained in sealed 
valves under similar running conditions. The ease with 
which the valves can be assembled and the relative 
cheapness of filaments produces the possibility that it 
may be worth while to replace the filament before it has 
burnt out, and thus eliminate to a very great extent 
traffic delays due to this cause. This arrangement has 
now been adopted on the GBS transmitter. The fila¬ 
ments are inspected every 500 hours. 

The amount of time lost due to vacuum troubles on 
the above equipments has been negligible. 

(9) Trend of Future Development. 

The type of valve described in this paper possesses 
valuable constructional advantages. It is not readily 
damaged: for example, the authors have not yet broken 
a silica pot, and a broken filament or a distorted grid 
are not costly accidents. Large currents can be passed 
through the envelope without difficulty; this feature is 
of particular value in the design of very large valves 
(500 kW) for long-wave transmission, and in small power 
valves (30 kW) for short-wave work. With silica as 
insulator an appreciable amount of power can be 
generated at wavelengths as low as 5 m. Any break¬ 
down due to electrical discharge or faulty assembly is 
temporary. 

It is true that against the above advantages must be 
placed the general objection due to the added complica¬ 
tion of a pumping equipment. To meet this objection 
the all-metal pumping equipment has been developed; 
it is very reliable, and, when fitted with automatic gear, 
requires very little attention. There is one specific 
objection which has not been eliminated—about 20 min¬ 
utes is necessary before the equipment as a whole is 
working; that is, if started from cold. In a transmitter 
working 20 hours per day it is customary to leave the 
pumps running continuously, and in most eases of 
intermittent working the organization is such that 
sufficient notice is available. It is, however, conceivable 
that cases will arise when this delay is objectionable. 
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The authors have considered the above points in 
connection with the relative costs of continuously 
evacuated valves and sealed valves, and have concluded 
that for valves of 30 kW and upwards there is a definite 
field for the continuously evacuated type. 

With this conclusion in mind the authors started some 
time ago to develop large valves. There are two possible 
ways of carrying out such a development: (a) to make a 
series of valves, each one slightly larger than the pre¬ 
ceding one; or (6) to make immediately the largest valve 
likely to be required for some time as a single unit. 
The latter course was adopted when it was decided to 
construct a 500-kW valve for the long-wave transmitter 
at Rugby. 

The 500-^IV Valve, 

The general design of this valve has already been 
described.**' 

The difficulties normally associated with valves of the 
30«kW size in the elimination of flash-arcs are intensified 
in the 500-kW valve. The active area of the electrodes 
is proportionally larger, and it is not possible to limit 
the power available in the case of the discharge to any 
appreciable extent. The d.c. feed to the valve is 
normally 50 amperes, so that the use of any appreciable 
resistance in the anode circuit decreases the efficiency 
very considerably. Consequently the 500-kW valve has 
to be conditioned at such a test voltage that under the 
normal operating conditions the period of flash-arcs is 
several hundred hours. A satisfactory method of con¬ 
ditioning the valve has now been developed which takes 
5 hours. With the present electrode arrangement the 
valve will take a continuous input of 500 kW at 
10 000 volts with reasonable efficiency. It cannot, 
however, be keyed on the GBR circuit at this input for 
any length of time. At 300 kW, 7 000 volts direct 
current, the valve has been operated as a single unit. 


It has also been used in parallel with a power panel of 
sealed-ofl valves to operate the GBR transmitter on 
normal traffic. 

The electrode system is being modified to enable the 
valve to withstand the keying surge at an input of 
500 kW. 

Screen-grid Valves. 

Another advantage of the type of construction de¬ 
scribed in this paper lies in the fact that the number of 
electrodes may be increased almost indefinitely. The 
advantages of 4-electrode valves for short-wave trans¬ 
mission are fully understood, but until a short time ago 
no large power valves of this type had been available. 
The manufacture of two large screen-grid valves, designed 
and developed by the late Mr. F. P. Burch, has recently 
been completed. Each valve has taken an input of 
60 kW on a wavelength of 10 m. The stability of the 
valves is exceptionally good, even with a stage gain of 
from 60 to 80. They are to be used in a short-wave 
telegraph transmitter at Leafield radio station. 

Acknowledgments. 

The investigation described in this paper has resulted 
from the combined efforts of members of both the 
technical and the manufacturing sections of the Metro- 
politan-Vickers Electrical Co., Ltd. 

The authors are indebted to the Company for per¬ 
mission to publish this account of the work, and to 
Mr. A. P. M. Fleming, C.B.E., M.Sc., manager of the 
research and education departments, for his personal 
interest and encouragement throughout the course of 
the investigation. Thanks are also due to the Radio 
Section of the Post Office, and in particular the staff of 
the Rugby radio station, for their kind and enthusiastic 
co-operation. 


Discussion before the Wireless Section, 6th February, 1935. 


Mr. A. J. Gill: The authors' attempt to develop from 
the discovery of their low-vapour-pressure oil a whole 
range of demountable valves would probably have been 
very much easier if they had previously constructed 
cooled-anode valves, and there is no doubt that many 
of the troubles which they encountered' in this work were 
due to lack of previous experience in that direction. As 
far as the actual pumping of the valves is concerned, 
the process seems to be perfectly satisfactory. In some 
of the earlier experiments the trouble which developed 
in the pumps was probably due to the quality of the 
water which was available at Rugby. We found we 
were trying to run the valves on steam instead of a 
vacuum, but that was soon cleared up by the use of the 
cupro-nickel boilers. The 50-kW valves and the two 
triodes used on short waves with the transmitter at Rugby 
have been in regular use now for about 2 years. Although 
the maintenance of demountable valves requires a little 
more attention than that of sealed-off valves, replace¬ 
ments when they become necessary are very much 
cheaper. 

With regard to the 4-electrode valves, I think the 

♦ A. S. Angwin:/OM fwaZ J.E.E., 1931, vol. 70, p. 33. 


Post Office have helped to stimulate the development 
in that direction, because we have definite need of a 
more stable form of valve than the 3-electrbde valve 
for use on transmitters in which the wavelength has to 
be changed at frequent intervals. We have two of these 
valves in satisfactory use at Leafield; actually only one 
valve is operating at a time and the other is a stand-by, 
so that if any alterations or changes are required the 
set can be rapidly put into service again on the spare 
valve. The screen-grid valves do not operate at quite 
the same ratio of potentials as the ordinary receiving 
valve. The anode and screen potentials are of the order 
of 9 000 and 1 600 volts respectively, and that enables 
us to get a very much greater anode swing without going 
below the screen potential. 

One great advantage of these valves is that, owing to 
the fact that one can very readily replace the filaments, 
they can be over-run at times of bad propagation con¬ 
ditions; they have a definite overload capacity, and we 
feel very secure in the knowledge that if anything goes 
wrong it can be readily made good. 

In the valves which we have had, the grid is composed 
of a series of washers, and that particular type of grid 
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construction has led to rather smaller clearances than 
usually obtain in 4-electrode valves; I should like to ask 
whether the authors think that the modified type of grid 
construction is worth trying for future developments. 
The present type of grid also seems rather prone to 
secondary emission. At present on normal heavy-duty 
rectifiers, in order to avoid damage due to flash-arc which 
may occur shortly after conditioning, we include a 
limiting resistance in the high-tension circuit. This 
reduces the overall efficiency. Do the authors think 
that the valves can be made sujficiently immune from 
flash-arcs to allow this resistance to be dispensed with, 
for example, when we are running with a mercury-arc 
rectifier with grid control ? 

I have often wondered whether these flash-arcs are 
in any way connected with cosmic rays. I believe a 
somewhat similar device is actually used for counting 
the cosmic rays; it consists of an evacuated vessel con¬ 
taining two electrodes with a high potential between 
them, and the cosmic rays apparently cause a discharge 
across the electrodes. I should like to ask the authors 
whether they think there is any relation between the 
flash-arc and cosmic radiation. 

Mr. B. S. Gossling: With regard to the upper limit 
to the " backlash ratio'' which the authors mention, 
we have proved that the existence of this upper limit 
is not necessarily to be associated with any limit of the 
pumps or with the existence of irreducible leaks, but 
may really be due to a quite different defect. The 
residual backlash does not represent an ionic current 
in the valve, caused by the picking-up of gas ions by 
the grid; it represents a photo-electric emission of elec¬ 
trons from the grid, excited by the X-rays generated 
at the surface of the anode by the impinging space 
current. This matter was studied by a colleague of 
mine, and a description* of it has been published. 

I should like to make some comparison between con¬ 
tinuously evacuated valves and existing sealed-valve 
practice, which has not recently been described. A very 
considerable amount of high-quality machining is in¬ 
volved in the manufacture of a continuously evacuated 
valve, and this work seems to be about equal to the 
corresponding amount of similar work involved in making 
not only one corresponding sealed valve but the first 
valve and a whole set of spares. In the larger sizes of 
valves all this machining work is of a permanent nature 
and recoverable when the valves are rebuilt, which is 
not so very difficult a thing to do. 

Fig. 7c is extremely reminiscent of the assembly of 
the inner parts of a sealed valve on the jigs on which 
it is mounted when the permanent joints are made; this 
implies that the existence of the permanent joint does 
not seriously modify the principles on which the valves 
are assembled. 

With regard to flash-arcs, which are still obscure but 
no longer troublesome, I agree that the mere exposure 
of the electrode to atmospheric air does not directly 
favour subsequent flashing. One of my colleagues made 
some very carefully controlled experiments under severe 
conditions on that point, and they showed that air can 
be admitted and pumped out again without causing 
flashing. 

J. Proceedings of the Royal Society, A, 1933 vol. 141, p. 641. 


There is one point with regard to the conditioning 
work which I should like to mention. The valves have 
to be run for a considerable length of time on high 
voltage, and it is apparently customary to have up to 
100 milliamps. of space current in the valve, which 
corresponds to the generation of X-rays in considerable 
quantity. It is very much a matter of the construction 
of the valve what proportion of those X-rays get out. 
I do not suppose much extra provision has to be made 
in the external insulation of the valve to deal with these 
extra voltages, and the additional plant would not be 
expensive. 

The sealed valve is surprisingly insensitive to gas 
evolution after sealing off. It can in fact dispose of 
a very notable quantity of gas without the pressure 
rising prohibitively. In practice one can often go con¬ 
siderably over the conservative limit given in the paper 
of 10mm. A certain proportion of the gas molecules are 
activated in some way and made effectively condensible 
in suitable parts of the valve where they are not after¬ 
wards knocked off again, and they do so condense 
independently of the free gas, because the molecules do 
not collide with one another at these pressures. In fact, 
I would hazard a guess that a sealed valve which had 
been accidentally softened to a very considerable, though 
not to a great, extent could be recovered in about the 
same time by much the same ageing treatment as is 
described in the paper. 

As regards the decision to halve the filament watts, 
in the smaller valves of about 30 kW this saving seems 
to be offset to a considerable extent by the total of 
900 watts absorbed in the auxiliaries. In sealed-valve 
practice at the present day the same result has been 
achieved by doubling the anode voltage, but here there 
is a point where one must not be misled. Merely doubling 
the emission by over-burning the filament does not of 
itself justify halving the anode voltage with a given 
construction of valve, because at the lower anode voltage 
to get a similar performance the conductance of the 
valve has to be multiplied by 4, and for that to be 
achieved means a complete reconsideration of the 
geometry of the electrodes and introduces special diffi¬ 
culties. I do not think there would necessarily be any 
great difficulty in increasing the operating anode voltage 
of the valves described. A valve which will operate 
GBR (Rugby) with 10 000 volts will stand 20 000 volts 
in most other circuits! 

I am indebted to the authors for their mention (not in 
the paper) of the rather mysterious keying surge involving 
a rise in anode voltage to 26 000 volts. My consideration 
of flash-arcs at Rugby would have been substantially 
modified if I had known of such a phenomenon. 

With regard to the general life of sealed valves, there 
are few complaints, and in fact it begins to look as if 
we were almost within sight of having to consider not 
only the life of the valves but also the probable life of 
the station itself. This, however, must be a passing 
phase. 

In the paper it is suggested—and no doubt it would 
be a very sound procedure—^that there should be a 
regular refitting at stated intervals of the filaments of 
demountable valves. If this is to be done at stated 
intervals it will be necessary to consider the statistics 
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of filament burn-out; it will thus appear at once that 
the refitting period will have to be one-third, and possibly 
one-fourth, of the average life to avoid traffic interruptions 
completely. 

The examples given in the paper do not impose any 
very stringent requirements on the characteristics of the 
valves. Possibly there is a considerable distance yet 
to go in meeting those conditions, especially in broad¬ 
casting, where extreme fidelity of performance has to 
be provided. Where we have to deal with refinements 
of that kind a very suitable way of going to work would 
be to work out the geometry of any particular type of 
valve as a demountable valve and then consider whether 
for large-scale production one would not try to seal it ofi. 

One point which is not mentioned in the paper is the 
question of duplication of plant for continuous service. 
The authors say that an immediate change-over to a 
cold duplicate valve could not be effected, but I expect 
that problem will be duly dealt with when the case 
arises. Hitherto there have been sealed valves ready 
as a stand-by, which would in those conditions have 
practically an indefinite life and might save the operating 
staff a night's work at regular intervals. 

I rather doubt whether the 30-kW valve is an economic 
proposition at the present time, except perhaps in special 
cases. Perhaps there is more to be said for it where two 
valves are necessarily run together and share a pump. 
With regard to the 500-kW valve, I think it was an 
•extremely wise decision to introduce this, but on the 
whole, in view of the considerable progress of sealed 
valves, it is doubtful whether the 500-kW size is quite 
large enough. I know that the selection of this size will 
have been dictated in part by the actual possibilities 
of operation—an old and great difficulty. 

With regard to the fragility of valves, this is a 
controversy between the installation engineer and the 
operating engineer. To put it crudely, it is between 
the man whose idea of a perfect world is one in which 
he can drop spanners and nuts wherever he likes among 
the apparatus, and the other who wants to have the 
kind of apparatus which one can fit and forget. So far 
as sealed valves are concerned, fragility is not a serious 
matter. In the hands of people accustomed to handle 
these valves, accidents rarely happen. The pmcautions 
taken in the transport of the larger sealed valves have 
nothing to do with the glass envelope but refer to the 
constructional methods used inside to ensure a higher 
standard of reliability in operation. The protection of the 
glass by insulator sleeves externally has been discussed 
on rare occasions, but we have never been asked to 
adopt it. 

In conclusion, I should like to say a word regarding 
the very ‘‘ elastic " sympathy provided by the staff of 
the Post Office Engineering Department. Help of this 
kind is very freely extended and is doing a great deal 
to solve a very real problem-—the provision of extended 
trials of high-power apparatus of. all kinds. 

Mr. H. L. Kirke : The authors make no reference to 
the grid-filament capacitance and the effect of the rather 
long leads, which look like a concentric-tube feeder, on 
very short waves. I should also like to ask them whether 
they have made any further experiments on waves of 
less than 10 m. There is very little reference in the 


paper to secondary emission from the grid, which is one 
of the difficulties experienced in ordinary valve work. 
I should also be very interested to know the method 
of conditioning the 500-kW valve. Also, what is their 
recent experience in regard to flash-arcs on that valve ? 

It is our experience that one cannot afford to over-run 
a valve to any great extent merely by increasing its 
emission, because the characteristics will not allow of it. 
The only economy in that direction is the saving of 
filament power. 

Although flash-arcs do not seem to occur as the result 
of exposing the electrodes of the valve to air, in the 
paper it is mentioned that care should be taken that 
none of the electrodes are touched by hand. This seems 
to be rather an important matter which might be dealt 
with a little more fully. 

Mr. Gossling said that he thought the lives of valves 
were getting so large now that we had to consider rather 
the life of the stations. I do not agree with that, but 
I do agree that thp lives of valves are getting extremely 
good, and I think that is due to the very great co¬ 
operation between the users and the manufacturers and 
to the considerable care which is taken nowadays in the 
use of valves. 

The question of the time taken in changing over from 
a hot valve to a cold valve prohibits for the moment the 
use of a demountable or continuously evacuated valve 
for broadcasting, but it does not do so necessarily in 
commercial traffic. It is possible to have a delay of a 
few minutes in traffic, but it is not very popular to have 
a delay of a few minutes in broadcasting. A point which 
does not seem to have been touched on very much is the 
possibility of the use of a demountable type of valve 
as an experimental valve. If we had had a demountable 
valve many years ago in the early days of the design of 
regional transmitters it would have been of great value. 

Mr. W. T. Gibson: I tried some of the authors’ low- 
vapour-pressure oil about 1929, and at that time I was 
not very satisfied with it. It would certainly pump 
down to a very good vacuum, but with an ionization 
manometer using combined oxide-coated filament the 
life of the filament was remarkably short; it became 
de-activated almost immediately. Since then I have 
had many further samples of the oil, and there seems 
to have been a very great improvement. I have had 
a good deal of experience of the authors’ pumps recently, 
and I can say that without the use of liquid air they 
will on an ordinary exhausting station give a final 
vacuum lower than any normally to be obtained with 
a mercury condensation pump together with liquid 
oxygen. On the other hand, the fact of de-activation 
of the ionization manometer still persists, but to a very 
much smaller extent than before. At the present time 
with a mercury aspirator together with liquid oxygen 
one can get a life of 1 000 hours from a manometer 
opened to air at regular intervals of a few hours, but 
with oil pumps that life goes down to about 200 hours 
or perhaps a little less, although the pressure existing 
in the manometer is lower than it was with mercury. 
That, however, is not of very great importance when the 
pump is being used for the exhausting of valves using 
tungsten filaments. 

I consider that the demountable valve may be very 
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interesting from about 500 kW upwards, but probably 
not below that figure. One of the points to be considered 
is that most water-cooled valves are used in broadcast¬ 
ing transmitters. Broadcasting transmitters are often 
located in the wilds of some foreign country, and the 
maintenance that is obtainable is not to be compared 
with that at Rugby or other Post Office stations. It 
seems to me, therefore, that with the type of joints 
which are used in this valve the precision of the polished 
surfaces must be a very important matter; any mis¬ 
handling may lead to a scratch on one of the surfaces, 
which probably will then be followed by a leak. This 
may easily happen unless the station is extremely well 
controlled. Furthermore, in a transmitter we normally 
have a group of valves, and the use of continuously 
evacuated valves would entail a separate pump unit for 
each one, with its separate control unit and gauges to 
detect the vacuum and stop the pump if necessary; and 
water-flow alarms for the pump cooling water. By the 
time all these necessary precautions have been taken 
one has a highly complicated piece of apparatus. 

In modern broadcasting-station practice it is very 
common to have a spare valve which can be switched 
into service immediately. If this spare valve were of 
the continuously evacuated type we should probably 
have to wait 20-45 minutes before the valve could be 
put into service, unless the whole pumping equipment 
were kept continuously in use for perhaps 10 000 hours, 
until the moment when it happened to be required. The 
latter course would put up the general maintenance cost 
of the* station. As a general rule a delay of more than 
a few moments cannot be allowed in* broadcasting 
practice, and it would be necessary to study the matter 
in great detail before the demountable valve could be 
used. 

Mr, A. C. Warren: In 1922 I took over the task of 
developing a continuously evacuated watei'-cooled valve. 
Mercury-vapour pumps were employed, but even at that 
date it was decided to use an all-metal pumping system 
with oil-sealed taps and conical ground joints both in 
the pumping system and at the valves. This work had 
not progressed very far, m.ainly owing to difficulties in 
obtaining a vacuum-tight system, when the sealed-off 
water-cooled valve was produced. The project was then 
abandoned, the pumps being relegated to the production 
of receiving valves. I think the most strikingly successful 
feature of the Metropolitan-Vickers demountable valves 
is the pumping system and ground joints. 

It was early in 1930 that the Metropolitan-Vickers 
Electrical Co. approached the Post Office with a 10-kW 
long-wave demountable valve, only to be informed that 
whilst the Post Office were interested in the demountable 
proposition they were only interested in long-wave valves 
of 200 kW and upwards, or in short-wave screen-grid 
valves of 10-100 kW capacity. 

The company courageously undertook both these 
developments, although their experience of high-power 
valve design was slight. Before tackling a screen-grid 
valve, however, they developed a 3-electrode short-wave 
valve, of the t3q)e described in Section 8(c). The intro¬ 
duction of the demountable principle involves changes 
in valve design to facilitate replacement of electi'odes, 
but whilst the authors have rightly tackled the problem 


from a new angle they have been inclined to adhere tO' 
dimensions of the same order as those employed in sealed- 
off valves. Demountable valves have to be assembled 
and dismantled by transmitter attendants, who cannot 
be regarded as valve mechanics. Clearances cannot, 
therefore, be maintained with the same precision as in 
sealed-off valves. Yet I believe that in the authors 
demountable valves clearances have been restricted to 
figures even less than, in sealed-off valves of the same 
power and voltage ratings. 

Again, one grave source of discharges in valves has 
been the presence of parts which are not bonded to one 
or other of the electrodes. In the filament assembly 
(Fig. 7a) the filament hooks and centre rod are not 
bonded in this way. and in fact the insulation at the 
base between the centre rod and the ends of the filainent 
is reduced to a minimum. Attention to these points 
would, I feel sure, eliminate many discharges which have 
been experienced in conditioning and in operation. 

A sealed-off valve is entirely reliable in operation, does 
not require skilled attention, can be replaced in a few 
moments, and can be repaired several times at a fraction 
of the cost of a new valve. Demountable valves as 
described in Section 8, (b) and (c), have been satisfactory 
in operation, and their cost per kW valve-hour is lower 
than that of sealed-off valves of similar ratings. They 
are being operated under particularly favourable con¬ 
ditions, however, since the stages in which they are 
inserted can readily be replaced by others fitted with 
sealed-off valves. The demountable valves can then 
be dismantled, reassembled, and conditioned, at leisure. 

For demountable valves to give continuous uninter¬ 
rupted service two or three valves which can be instantly 
interchanged are essential, and additional staff may be 
necessary for their maintenance. These points the 
authors have realized and have embodied in the design 
of the screen-grid valves for Leaffeld radio station. 

As a consumer I am naturally biased in favour of the 
sealed-off valve—leaving the manufacturer to supply a 
finished and trouble-free article. If, however, the 
demountable valve can be produced more cheaply and 
its operating costs—including general maintenance and 
possible loss of traffic time—are less than those for the 
sealed-off valve, its widespread adoption for high powers 
will have to be seriously considered. 

At the present time the Post Office are fostering this 
new development without displacing sealed-off valves, 
and this state is likely to continue until a reliable com¬ 
parison can be made. 

Mr. H. S. Walker : I shall confine my remarks entirely 
to that part of the paper which describes the performance 
of the valves in use. 

The details given of the valves in use at Rugby are 
somewhat meagre. For instance, it would be interesting 
to know the actual peak voltage. We have heard what 
the peak voltage is supposed to be at GBR, but we do 
not know what it is at -GBS; nor do we know whether 
it is modulated or unmodulated. I am surprised that 
the authors have striven to obtain a filament life of 
only 1 400 hours as a maximum. If a manufacturer 
of sealed-off valves were content with this figure, I think 
the B.B.C. would look elsewhere for their valves. We 
obtain at the moment an average filament life of well 
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over 4 000 hours, and there seems to be no excuse for 
such a short life as 1 400 hours. It requires at least 
6 hours (probably much longer) to change the filament, 
which means extra work for the station staff, who have 
enough to do already, and I do not see what is gained 
by putting in new filaments so frequently. It is surely 
much better to start with a filament which will last for 
4 000-5 000 hours ^ If a valve has to be dismantled for 
another filament to be put in, there is a chance of one 
of the seals being damaged in the course of re-assembly. 
I should be glad if the authors would enlighten us on 
why they have striven only for such a very short life 
for the filament. 

Mr. J. E. L. Robinson: The authors rather under¬ 
stress than otherwise the advantage of a pumping fluid 
with permissible vapour pressure at the working tem¬ 
perature. Not only does its adoption remove the nuisance 
of liquid-air servicing, but by eliminating the necessity 
for the bulky heat-insulated cooler it immediately 
renders practical the rigid metal construction of appara¬ 
tus which the authors employ. This is also facilitated, 
of course, by the use of the dry-sealed demountable 
metal-to-metal vacuum joint, of which any necessary 
number can be fearlessly included without provoking 
appreciable leakage. In this connection from our own 
experience we can endorse the authors' preference for 
the flat type of demountable joint in many instances, 
the advantage lying not only in their interchangeability 
but in their manufacturing convenience. 

Regarding the vacuum tap described by the authors, 
I have heard it stated by a responsible member of the 
firm manufacturing the pumps that the introduction of 
the standard tap between the units Og and Og of the 
pumping set under certain conditions decreases the 
effective pumping speed by as much as 50 per cent, and 
of course on maintained pumping this loss is not alle¬ 
viated by the presence of the reservoir. In this case 
why is a tap of such small bore employed ? Additionally, 
the tap in question has a rather meandering pumping 
channel. Have not the authors contemplated the con¬ 
struction of one with a straight-through bore in the open 
position ? 

The use of a baffle is described on the Og pump; I 
do not think this baffle is fitted to every Og pump, and 
I would mention that we have noticed traces of what 
was presumably pump oil deposited on apparatus on 
the high-vacuum side when it was evacuated by the 
Og pump alone. 

The use in the standard vacuum equipment of vacuum 
gauges and relays at all the vulnerable points is very 
desirable, but one notices that no mention is made of 
any calibrated gauge on the high-vacuum side. Such 
an apparatus, if necessary with detachable filaments, 
should help to popularize the use of the pumps in cir¬ 
cumstances where, as in the authors' case, the possibility 
of checking the state of the vacuum by the high-voltage 
characteristics does not obtain. Presumably the delicate 
nature of the very high-vacuum gauges has been a 
contributory cause of their omission. 

The policy expressed in connection with the rating 
of valve filaments is interesting. One wonders whether 
the increased thermionic filament efficiency sponsored 
is oflset by the operating cost of the more frequent 


filament renewals, or whether any other considerable 
advantage has been found in the resulting filament 
construction. 

The paper touches the very important question of the 
cause of flash-arcs. Have the authors any information 
supporting the view that the effect is mainly related 
to the adsorbed gas layer on the metals? 

Mr. H. Bishop: I should like to have a little more 
information with regard to the type of seal. The 
authors mention the use of a flat ground joint; in mer¬ 
cury-arc-rectifier practice other types of joints are fre¬ 
quently used. If the flat type of joint is so good, why 
has it not been more generally adopted ? 

I am surprised that the time of conditioning of 
demountable valves is so small, seeing that the con¬ 
ditioning of other vacuum plants takes a much longer 
time. If for this type of valve the job is comparatively 
simple, why is it relatively difficult on similar plants 
of other types, particularly bearing in mind the stringent 
requirements of valves as regards the tendency to 
flash-arc ? 

Dr. E. H. Rayner: The success of the authors' oil 
pump is remarkable. It has produced both the de¬ 
mountable valve and the demountable X-ray tube; the 
latter has made the X-ray tube a piece of engineering 
apparatus instead of glassblower's art. I believe one 
or more samples of this type of pump have been made 
with a cross-section of pipe of the order of 10 000 times 
what was common a few years ago in ordinary pumping 
equipment. The pump will provide a new tool for many 
processes requiring a high vacuum, especially where the 
high vacuum has to compete with leakage or gaseous 
evolution. I myself have been interested in attempting 
to get a very high vacuum in a large piece of apparatus 
which it is quite impossible to de-gas by thermal methods; 
we now see our way to a very considerable improvement 
by making use of one of the large oil pumps devised 
by the authors. With that piece of apparatus, which 
is intended to take the form of a high-voltage condenser 
of several hundred kilovolts for certain precision pur¬ 
poses, we have been troubled with flash-arc discharges. 
I took the opportunity to try to find out from Dr. 
Coolidge, when he was over hei'e last, why these dis¬ 
charges happened and how to avoid them; unfortunately 
he could not do more than give some ideas on the subject 
of how to avoid the effect. He stated, as has Mr. 
Gossling, that he did not believe it was due to residual 
gas. 

Turning to the question of cosmic rays, I suggest that 
at the Rugby station the valve should be put 20-30 ft. 
underground. It would then be reasonably protected 
from cosmic rays, and it would only mean a rather longer 
transmission line for short-wave working. Alternatively, 
about 3 ft. of lead could be used all round. I am sure 
the result would be most interesting I 

Mr. S. R. Mullard: In the years immediately after 
the War the vacuum technique for high-power trans¬ 
mitting valves—^both of silica and of glass—^was still in 
process of development, and about that time I had an 
opportunity of following the work done by Mr. Holweck 
in the Curie laboratories, Paris. Holweck used his 
molecular pump, and showed that all our difficulties in 
the extraction of the last traces of gas from the sealed 
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valve could be avoided by employing his continuously 
evacuated valve which was also demountable. His 
difhculties were connected with his pump, which had 
the rotor very close to the case; this is inevitable with 
a molecular pump. During prolonged tuns, serious 
breakdowns occurred owing to the overheating of the 
rotor. The diffusion pump described in the paper seems 
to have removed all the difficulties which diffusion pumps 
of other types have carried with them. In my opinion, 
there should be very little trouble with the vacuum joints. 

I still have a sample of a heavy-current focus lamp 
with a tungsten filament and composition joint pro¬ 
duced by Holweck in 1923; I tested the vacuum of the 
bulb only yesterday and found that it was still in good 
condition. Apart from the valve, the equipment de¬ 
scribed by the authors will doubtless have many appli¬ 
cations in laboratories and works. I suggest that the 
pump will have a very big field indeed for laboratory 
work, as Dr. Rayner has just mentioned. 

Mr. C. R. Burch and Dr. C. Sykes {in reply ): Among 
the many interesting points raised during the discussion 
there appear to be two main criticisms of the demount¬ 
able valves described in the paper: (1) short filament life, 
and (2) the relatively long time—20 minutes—required 
to start up the pumps on demountable valves. 

As stated in the paper, we are of the opinion that a 
reasonable filament-emission rating for a demountable 
valve is twice that of a sealed-ofi valve, namely 12 mil- 
liamperes per watt. Under these circumstances an 
average life of about 2 000 hours can be expected, and 
the possibility of failure due to filament burn-out under 
500 hours is very remote. At the end of this period, 
which represents about 5-6 weeks’ normal running, the 
filament is inspected. If satisfactory, it is left in and 
operated for another 500 hours. In this way, it is possible 
to eliminate traffic shutdowns due to filament troubles 
almost entirely, and this is the only reason for the 
periodic inspection. 

The choice of average filament life corresponding to 
that given at twice normal thermionic efficiency was 
made by us on the following grounds. We considered 
a 60“kW short-wave transmitter which operated on 
four 15-kW valves having a filament input of 6 kW. 
Reducing the filament power to half saves £62 10s. at Id. 
per unit in a year of 5 000 hours. During this time there 
would be on the average 5 traffic delays due to filament 
burn-out on sealed-off valves. On demountable valves 
it would be necessary to inspect 10 times, and as a result 
replace filaments about 5 times. The filament inspec¬ 
tions can be made to suit traffic conditions on the trans¬ 
mitter, so that an overall saving of from £40 to £50*“ can 
be effected, with a considerable decrease in the number of 
arbitrary traffic delays. This may not be a large item in 
transmitter costs; we have no reliable data on this point, 
but we certainly thought such a saving would be appre¬ 
ciated. On the other hand, if a filament life equal to that 
of a sealed-off valve is essential, there is no technical 
difficulty in effecting this. 

With regard to the question of spare valves, we have, 
as stated by Mr. Gill, supplied two demountable valves 
for the Leafield transmitter; these are mounted on a 
turntable, so that the spare valve can be put into the 

* On a 60®-kW telegraph transmitter this amounts to about £450 per annum. 


traffic cubicle simply by rotating the turntable through 
180°. This does not get over the difficulty of the finite 
time required for the pumps to be put into commission. 
We are definitely of the opinion that, where such valves 
are available, sealed-off valves should be used as spares. 
They would be required to operate whilst the demount¬ 
able valves were out of commission for inspection pur¬ 
poses. In this way the advantages of the low operating 
costs of demountable valves would be obtained without 
•the disadvantage of having to operate continuously the 
pumping equipment of the spare equipment. 

We will now reply in sequence to the various special 
points raised during the discussion. 

Dealing first with Mr. Gill’s remarks, there appears to 
be no objection to the use of wire grids, and in many 
cases they appear to offer advantages over the washer 
grids. We are of the opinion that with grid control the 
limiting resistance could be eliminated. The possibility 
of any relation between cosmic rays and flash-arcs had 
not occurred to us, and we do not feel competent to give 
any pronouncement on the subject. 

Mr. Gossling’s statement regarding the upper limit to 
the backlash ratio is both interesting and important, and 
solves a problem which had troubled us for some con¬ 
siderable time. 

The conditioning voltage will produce a quantity of 
fairly soft X-rays, but we are confident that the careful 
metallic baffling system effectively absorbs it. 

With regard to the “ mysterious ” keying surge on 
GBR, this has been measured by means of a peak volt¬ 
meter and also by means of an oscillograph. It has 
also been calculated from the constants of the circuit. 
The values obtained were in satisfactory agreement. It 
is the normal transient produced on keying by the high- 
frequency choke and feed condenser, to which every 
telegraph transmitter is subject. 

We can offer no opinion as to whether valves larger 
than the 500-kW valve are likely to be required; the step 
from 30 to 500 kW seemed to be adequate at the time. 

In reply to Mr. Kirke, difficulties due to leads in a 
valve are not due solely to capacitance, but to the 
combination of inductance and capacitance which the 
electrodes and leads provide; and the concentric system 
which we have provided, although it has a higher 
capacitance than the '' parallel wire ” system of most 
sealed valves, has a lower inductance, so that when 
terminated by the electrode capacitance proper, which 
will be the same in both kinds of valve, it will give a 
system having a higher natural frequency. In fact, the 
natural wavelength of the control-grid system on the 
screen-grid valve is about 1 • 5 m. 

We have carried out a variety of experiments on a 
transmitter operating on 5 m and have operated valves 
at 2 - 7 m with an input of 12 kW. At such frequencies 
the circulating currents are very high and the type of 
construction described in the paper permits of the use 
of electrode connections of adequate cross-section without 
introducing the difficulty of making permanent glass-to- 
metal or silica-to-metal seals. 

It is not desirable to touch the active parts of valves 
with the fingers, as traces of grease are usually left 
behind. This affects the surface, and also gives rise to 
the evolution of gas during subsequent operation. The 
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assembly of a valve can be made without such con¬ 
tamination. , . 

We are pleased to hear that the low-pressure oil is 
now fairly satisfactory for Mr. Gibson’s experiments. The 
improved performance is, however, not due to any change 
in the oil, as all the samples supplied were from the same 
batch. There is no doubt, however, that the presence of 
oil vapour afiects oxide-coated filaments whilst it is 
without appreciable efiect on tungsten filaments. In 
this connection the following calculation may prove 
instructive. There are about 2 x molecules per 

cm^ at a pressure of p atmospheres. Their mean mole¬ 
cular velocity is 10^ cm per sec. (molecular weight of oil 
is, say, 500). Then 2 x 10^® X 10^/4^ molecules will ^ 
strike each square centimetre per second. The number 
of oil molecules per cm^ in a monomolecular layer is not 
greater than 10^^. If then we assume that each oil mole¬ 
cule hitting the filament destroys that part of the emit¬ 
ting surface which it covers, complete destruction of the 
emission could occur in 200 sec. if the pressure of the 
oil vapour was lO""*^ mm. The destruction of emission 
of oxide-coated filaments in 200 hours, observed by Mr. 
Gibson, therefore seems hardly surprising. 

In practice the sealing compounds are sufficiently 
viscous to prevent any vacuum troubles such as Mr. 
Gibson anticipates. 

W^e do not agree with his remarks regarding the 
duplication of demountable valves. Several valves can 
be and are operated on one pumping plant quite satis¬ 
factorily. Since every valve has its own water supply 
in any case, one extra water-alarm circuit raises no 

difficulty. 

We thank Mr. Warren for his advice regarding the 
bonding of filaments, although our experience does not 
agree with his views on this point. Flash-arcs take 
place in valves having as filament a single hairpin hang¬ 
ing under its own weight. 

We can assure Mr. Walker that 6 hours is quite long 
enough to cover the time necessary to change the two 
filaments in a 60-kW^ short-wave transmitter. The other 
points have been dealt with earlier in this reply. 


In reply to Mr. Robinson, the “ responsible member ” 
of our organization was correct in his statement regard¬ 
ing the tap between the 02 and 03 pumps. The certain 
conditions” mentioned refer to the pumping system^ 
operating with a pressure of 1-10 ju, on the fine side of the 
03 pump, i.e. when the pumping system throughout is 
fully loaded. When used for demountable valves, with 
the exception of a few seconds during the initial pumping 
from atmosphere, the pressure on the fine side of the 
03 pump is about 10-^ mm and the speed of the tap 
does not affect the pumping speed of the 03 pump,; it 
merely raises very slightly the back pressure on the 
03 pump. Since this is still very small compared with 
the ultimate backing pressure of the 03 pump, it is of 
no importance. In cases where large quantities of gas 
are continually being passed through the pumps, there 
are no taps between the 02 and 03 pumps. 

‘ We considered the possibility of designing a tap with a 
straight-through bore, but came to the conclusion that 
it was too difficult; e.g. if one produces a metal tap 
similar to the conical glass tap, it is {p) very difficult to 
grind to ,a satisfactory fit, (6) impossible to prevent the 
oil draining from the bridging grooves while the tap 

is turned. 

The 02 is a backing pump and if used to produce a 
very high ultimate vacuum should certainly be used with 

The thermionic valve is itself a very sensitive gauge 
and under the term “ ionization gauge ” is largely used 

in the measurement of high vacua. 

Replying to Mr. Bishop, we are surprised to find that 

flat joints are not used on mercury-arc rectifiers. 

We are interested to hear from Mr, Mullard of the 
nature of the difficulties of the Holweck pump, as we 
never understood why demountable valve development 
was not pushed in 1927. 

In conclusion, we should like to endorse the remarks 
made by Mr. Gossling regarding the Rost Office Kngineer- 
ing Department, and to express once more our apprecia¬ 
tion of the ready and real assistance which they have 
1 provided in this development. 



INSTITUTION NOTES. 


Portrait of Mr, P. F. Rowell. 

At a meeting of the Council held on the 16th May, 
1935, the President read a letter which he had received 
from a member suggesting that a portrait of Mr. P, F. 
Rowell should be issued in the Journal to commemorate 
his completion last year of • 25 years as Secretary of 
the Institution and also the award to him of the 
Croix d’Ofhcier de la Legion d'Honneur. The proposal 
was received with acclamation. The portrait forms the 
frontispiece to this issue. 

[F. W. H., Assistant Secretary, J.F.F.] 

Nominatioiis for Election to the Ooimcil. 

In addition to those members nominated by the 
Council (see vol. 76, page 717) the following have been 
nominated for ballot as Ordinary Members of Council:— 

R. Borlase Matthews (Nominated by J. W. 
Beauchamp, W. C. Bex on, J. H. C. Brooking, W. B. 
Esson, W. Fennell, J. J. 'Fisher, M.Eng., F. T. Hall, 
B. Handley, T. Stevens, M.E., and Flerbert Wilson). 

J. H. Parker (Nominated by E. A. Barker, M.C., W. R. 
Elliott, E. E. Hoadley, A. J. Hutchinson, A. P. Mac- 
Alister, J. Mould, P. E. Rycroft, M.B.E., C. W. Salt, 
J. E. Tapper, and J. W. J. Townley). 

Premiums. . 

In addition to the Premiums mentioned on page 717 
(vol. 76) of the June issue of the Journal, the Council 
have awarded the following Premiums for papers read 
before the Students’ Sections during the session 
1934-35:— 


Premiums of the value of £5 each —continued. 

Author Title of Paper Where read 

T. G, Proctor The Improvement of Birming- 

Load Factor ” ham 

J, A. Prowse Public Lighting by Newcastle 

Electricity ’’ 

P. Richardson “ Stray Losses in Syn- Newcastle 

chronous Electrical 
Machinery ” 

I. S. Scott- “ Suspension Insulators Glasgow 

Maxwell for E.H.T. Transmis- Edinburgh 

sion Lines ” Dundee 

Gaston Plants Medal. 

The Societe Fran^aise des filectriciens has decided, in 
commemoration last year of the centenary of the birth 
of Gaston Plante, to institute a silver-gilt Medal, which 
will be known as the Gaston Plante Medal and will be 
awarded once every three years for meritorious con¬ 
tributions, either scientific or technical, to the accumu¬ 
lator, primary battery, or electrochemical industry. 
The first award of the Medal will be made in June 1937, 
and will be supplemented by a monetary prize of not 
less than 4 000 francs. There will be no restriction as 
to the nationality of the recipient. 

The electrical engineering Institutions of all coun¬ 
tries are invited to submit names for consideration in 
connection with the award. 

In the case of the Institution of Electrical Engineers, 
candidates should submit their papers to the Secretary 
of the Institution at least eight months before the award 
is to be made. 


Premiums of the value of £10 each: 


Author 

Title of Paper 

Where read 

K. B. Baldwin 

Power Plant for Auto¬ 
matic Telephone Ex¬ 

London 


changes ” 


I. B. Davidson, 

The Sealed-off GaS' 

Sheffield 

B.Sc. 

focused Cathode-Ray 
Oscillograph ” 


H. R. Noble, 

Gas-filled Relay 

Liverpool 

B.Eng. 

Applications ’’ 


F. G. Tyack 

'' Street Traffic Signals ” 

London 

Premiums of the value of £5 each: 


G. N. Coop 

"Some High-Voltage 
Problems at High 

Liverpool 


Frequencies ” 


T. E. Jackson 

"The Fuller Use of 
Telephone Lines in 
Power Transmission 

Bristol 


Networks " 


D. B. McKenzie, 

" Electrical Equipment 

Man¬ 

B.Sc. 

of Single-phase Loco¬ 
motives ” 

chester 

D. R. Parsons 

" Short-Wave Radio 

Rugby 


Communication ” 



Elections and Transfers. 

At the Annual General Meeting held on the 16th May, 
1935, the following elections and transfers were effected: 

Elections. 


Associate 

Adcock, Wilfrid ITerbert, 
B.Sc. 

Bailey, Christopher Ed¬ 
mund G., B.A. 

Balfre, Philip. 

Booth, John Roddy. 

Brown, David Gregory, 
B.Sc. 

Buer, Sidney Tredway. 

Callison, Thomas Tetlow. 

Chew, Samuel Noel. 

Coates, Alfred Geoffrey. 

Dalzell, Donald Percy, 
M.A. 

Donnellan, Cuthbert, B.Sc. 

Erskine, Charles Webster. 

Fairthorne, Richard Berk- 
ley. 

Fleming, William Hamil¬ 
ton D., B.A. 


Gibson, William Thomas, 
O.B.E., M.A., B.Sc. 
Graham, Eric Edward. 
James, Anthony Samual, 
M.C. 

Lewis, Christopher Leon¬ 
ard. 

Ramsbottom, John Scaife. 
Simmie, Walter Stewart, 
B.Sc. 

Smith, Fritz Langford, 
B.Sc., B.E. 

Taunton, Harold Roby. 
Thompson, Alfred Edward. 
Thompson, Harry Francis 

J. 

Thompson, Joseph Henry. 
Walmsley, Thomas, Ph.D., 
B.Sc. 

Watson, George Oliphant. 
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Companion, 

Wells, Peter Henry P., B.Sc. 


Associates, 


Barham, Alfred. 
Bostandjis, Harilaos 
Michael. 

Garside, Harold. 

Hartley, Herbert Edgar B. 
Hazell, Stanley William. 
Hunter, John Kenneth, 
B.Sc. 


Morgan, Frank. 

Betters, J amesM'Farquhar. 
Rattue, Edward Arthur. 
Robson, Frederick George. 
Rogans, George. 

Thomson, Leonard Philip. 
Turnbull, Robert. 
Urquhart, Samuel Ramage. 


Graduates 


Albuquerque, Albert 
Marius. 

Archer, Frank. 

Bakhshi, Narindro Nath, 
B.A., B.Sc. 

Barrie, Hugh. 

Black, Joseph Victor McD., 
B.Sc. 

Buick, Robert, B.Sc. 

Campbell, Harry. 

Cowell, Antony Russell, 
B.A. 

Daruvala, Sorab Ardeshir. 

Desai, Shiavax Framroze. 

De Silva, Sudharman Ru- 
wanpura. 

Dhondy, Rustomji Framji. 

Green, Kenneth Reid. 

Harris, Arthur Edwards. 

Johnston, Andrew Brown, 
B.Sc. 

Kashyap, Basheshar Nath. 

Lambrick, George Menzies 
T. 


Mackenzie, Ronald Bain, 
B.Sc. 

Maddison, Walter Hiram, 
B.Sc. 

Manning, Edwin Alexan¬ 
der. 

Menon, Kakamamvietil 
Balakrishna. 

Murray, John Bernard, 
B.Sc. (Eng.). 

Neocosmos, John Pana- 
giotis, B.Sc.(Eng.). 

Penford, James Edwin, 
B.Sc. 

Price, Trevor Gwyn E., 
B.A. 

Raffael, Alexander 
Maurice, B.Sc. 

Robinson, William, B.Sc. 
Tech. 

Shone, Arthur Brian, 
B.Eng. 

Spark, ITenry King. 

Timmins, John Henry. 


Students. 


Armstrong-Lamb, Charles 
William. 

Austin, Frederick Arthur 
W. 

Balazs, Peter, 

Bansal, Dev Raj. 

Beardmore, Eugene 
Charles. 

Beech, Arthur. 

Bishop, Geoffrey Ernest. 

Boddington, John. 

Bode, Armin Logie. 

Coorey, Mututantrige Jus¬ 
tin D. 

Cow, John Charles. 

Crawford, Kenneth Des¬ 
mond E. 

Davies, Harold George V, 

Dawson, Keith Campbell. 

Duerdoth, Winston Theo¬ 
dore. 


Eastwood, William Stuart. 
Fichter, John Martin. 
Foulkes, Christopher 
Henry. 

Foy, Ernest William H. 
Furlong, Henry Donald G. 
Grifdth, Robert Mervyn. 
Hampton, Sidney George. 
Flardy, Eric Sidney. 
Harper, Samuel Denis. 
Harris, FrederickLlewellyn. 
Hart, Alfred Stephen. 
Hayward, Bernard Thomas 
Hill, Constantine Thomas. 
Howe, Ronald Lloyd. 
Jarman, Frank Edgar. 
Jones, Edgar Lionel. 
Jones, Frederick Charles. 
Kanthawala, Emran. 
Kirpalani, Mancho Jeram- 
das, B.Sc. 


Students —continued. 


Kumar, Ran jit Chenna- 
pragada. 

Lai, Banke Behari. 

Lai, Chaman. 

Lindsay, Kenneth Stewart 
B., B.Sc.(Eng.). 
Livermore, John Edward. 
Lowe, Herbert Charles. 
McCloghrie, John. 
Marshall, Edwin. 

Morgan, Richard George W. 
Needham, Charles Francis. 
Rees, Cyril William. 

Riley, Ben. 


Shallcross, Strother. 
Shepherd, Ronald Bradley. 
Shuttleworth, Harry Too- 
tell. 

Singh, Agyakar. 

Smart, Eric Leonard. 
Tayler, Nevil Haig. 
Wagstaffe, Horace Walter 
St. J. 

Webster, John. 

Whitaker, Leonard Wil¬ 
liam. 

Williams, Alfred Henry. 
Wright, Leonard Sidney. 


Transfers. 

Associate Member to Member, 


Aston, Kenneth, M.Sc. 
Boyton, Robert Alexan¬ 
der S., O.B.E. 

Fraser, Herbert Cecil, 
D.S.O., T.D. 

Thornton, 


Garner, Richard Hough, 
M.Sc.Tech. 

Julius, Willem Otto. 
Shotter, George Frederick. 
Smith, Frederick. 

Norman. 


Associate to Associate Member. 

Gerrard, Tom. Smith, Frank Cyril. 

Goldup, Thomas Edward. Wilde, Charles Clifford. 

Miller, William Henry. Winstanley, Samuel. 

Graduate to Associate Member. 


Ashthana, Rajendra Pra- 
sada, M.Sc. 

Beckett, Charles Stephen, 
B.Sc. 

Best, Harry George, B.A. 
Bhasin, Om Parkash. 
Bonsey, Thomas Harold Y. 
Bradley, John Fox. 
Brown, Cecil Donald. 
Brown, James Connell, 
B.Sc. (Eng.). 

Burston, Ronald Frank. 
Candler, John Edward. 
Carr, Thomas Plenry. 
Cheetham, Plarry. 

Dick, Thomas Pattinson, 
B.Sc. 

Dunn, Wilfrid Kenneth. 
Everest, Francis John,M .Sc. 
Fenton, Wilfrid David D., 
B.Sc. 

Gillingham, John Henry 
S., B.Sc.(Eng.). 

Halsey, William Edmund, 
Lieut. R.N, (Ret.). 
Hoptroff, Victor George. 
Hyland, William, M.Sc. 
Tech. 

Jensen, Kaj Leo, B.Sc. 
(Eng.). 


Lee, George Wallis. 

Mayes, Edric Arthur. 

Middleton, George 
Edward, M.A. 

Moore, William Plerbert, 
M.Eng., B.Sc. 

Murdoch, James Barclay 
B., B.Sc. 

Peasgood, Plarold, B.Sc. 
(Eng.). 

Percival, Richard, 

Robertson, Alexander 
Myron, B.Sc. 

Scantlebury, LeonardFord. 

Simon, Eric William. 

Soulsby, George Edward 
W. 

Stevenson, Allan Brown, 
B.Sc. 

Stewart, Donald Arnott. 

Stubbs, John Everard, 

B Sr 

Swan, Stanley Robert B., 
M.Eng. 

Syer, Alan Francis, B.Sc. 
(Eng.). 

Tetley, Colin. 

Tyrrell, Leslie Osborne. 
Vedanthiengar, Koman- 
dur. 
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ST. GEORGE’S 
CHURCH 
B I C K L E Y 


Yet another instance of B.l. 
Wiring being preferred where 
perfect insulation, neatness 
and absence of damage to 
existing decorations are 
essential. This church, prev¬ 
iously lighted by gas, has 
now been converted to 
electricity, the work being 


carried out by Messrs. C. W 
Gosling & Son, Bromley, Kent 


using B.l. Cable throughout 
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BRITISH INSULATED CABLES LTD 

Cable Nlakers and Electrical Engineers 

PRESCOTt Lancs. 

Telephone No. PRESCOT 6571 


Undon Office: SURREY HOUSE, EMBANKMENT, W.C.2. ‘Phont No.Temple Bar 4795.4. 5. a «. 
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co!M Rccf t;ua 


All types of Metrovick 
Prepayment Meters can be 
fitted with a patented buzzer 
alarm, which comes into 
operation a minute or two 
before the Circuit Breaker trips. 
This enables the consumer to 
out in a further 


coin 0( 
current actually Fails. 

and orders to 


your enquiries 


-—-CO., LTD. 

MANCHESTER 17 . 
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TRAFFORD PARK 
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fulfil the 

tied requirements of 
, Alarm, Signal 

Telephone Circuits. 


Embodies the latest h/gb-efpciency British 



Post Office type 3000 relay ensuring maxi¬ 
mum reliability in operation, with minimum 
current. 

The mercury contacts are in a separate 
compartment to the relay, the motion being 
transmitted by means of a glass rod, thus 
completely isolating the operating and local 
circuits. 

Supplied for D.C. operation, or with 
Westinghouse Metal Rectifier for A.C. or 
telephone ringing currents. In the latter case 
a condenser can be fitted if required. 

Single or double make, break, or change¬ 
over contacts for currents up to 20 amperes 
at 250 volts. A separate change-over spring 
set contact is provided in the operating 
compartment for signal or auxiliary circuits. 

Arranged for either self restoring or hand 
resetting. 


Relay with Cover Removed 

Provided with pressed steel case and cover for 
indoor use (as illustration) or cast-iron case for 

exposed positions. 

Standardised by the 
BRITISH POST OFFICE 
and adopted by many other important 
administrations 


Relay with Cover On 
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service and satisfaction cannot do less than 
insist on C.M.A. Cables 


Copyright 

L.B.AtkinsOi, 

Exclusive 

Licensees 

AIembers of the 

CM.A. 




ME 


The Anchor Cable Co. Ltd. 
British Insulated Cables Ltd. 
Callender’s Cable &l Construction 
Co. Ltd. 

The Craigpark Electric Cable Co. 
Ltd. 

The Enfield Cable Works Ltd. 
Edison Swan Cables Ltd. 

W. T. Glover «Sl Co. Ltd. 


MBERS OF THE C.M 

Greengate&,Irwell Rubber Co Ltd. 

Telegraph Works 

The India Rubber, Gutta-Percha 
<Sz. Telegraph Works Co. Ltd. 
Johnson & Phillips Ltd. 

Liverpool Electric Cable Co. Ltd* 
The London Electric Wire Co. 
and Smiths Ltd. 


The Macintosh Cable Co. Ltd. 
Pirelli-General Cable Works Ltd. 

(General Electric Co. Ltd.) 
St.Helens Cable &Rubber Co.Ltd. 
Siemens Brothers & Co. Ltd. 
(Siemens Electric Lamps <St 
Supplies Ltd.) 

StandardTelephones&CablesLtd. 
Union Cable Co. Ltd. 


Advt. of the Cable Makers Association, Sardinia House, Sardinia Street, W.C.s. *Phone; Holborn 4076 
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Typical 2,500 kW G.E.C. Mercury Arc Rectifier, 500 volts 


The G.E.C. patented seal con¬ 
sists of a number of thin mild Q 
steel cones, B, separately ^ Z.—. . — 

coated with a special vitreous 
enamel, C. After assembly 
of the cones and top and 
bottom members, A and D, i 

the whole is fused up solid 
in an electrically heated oven. 

The result is a strong unit 

having a very high dielectric 

strength. It is perfectly y 

vacuum-tight, and can be | 

bolted down in the J 

simplest possiblell | 

way to the top plate LL± ^ J 

of the rectifier, and LJ 

this, together with 

an improved form of metal to metal 
joint, enables rubber and mercury seals 


G.E.C. Patent Insulating 
Seal for the Anodes. 


to be eliminated. 
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V^33 years experience in the 
types of Electric Transmission 
Mains and Associated Equipment 

These photographs show 
installations recently c 
included:— 

UNDERGROUND AND OVERHEAD TRANSMISS¬ 
ION AND DISTRIBUTION SCHEMES RANGING 
FROM LOW TENSION TO 66 kV.—RAILWAY 
CABLING-STREET DISTRIBUTION-MILL AND 
FACTORY INSTALLATION-TUNNELLING AND 
THRUST BORING-PRIVATE ESTATE INSTALLA¬ 
TIONS—DOCK AND HARBOUR WORK—RURAL 
ELECTRIFICATIONS. Etc., Etc. 


views of some of the 
moleted. which have 


Hov/ever large or small your present pro¬ 
blems or contemplated extensions may be, 
our practical experience and technical 
knowledge are always at your service. 

Please write or telephone 


Standard 



































( vii ) I.E.E. Journal Advertisements. 







'V* 


mm 




,•;, '■ •; v.,/' V-.- 








s lUvwiiwA^ ■ ■ ■ kT 










^smu^ 


a' !-i >'*,?; 




4-;^ 


This admrtissnmt puhliski in ip^^ shows 
a total of 6j* Bctiky Furmm instaUed s 'r 
on order to the end of April of that year. 

BABCOCK WILCOX LTD. 


^IL»^iiBmCE WORLD 

instI^^ions increase 

BY 216 IN TWO YEARS 


as being the cheapest and most 


This Increase is a striking tribute to the Bailey Furnace 
reliable form of Furnace construction. 

It is applicable to any method of firing, chain-grate or retort type of stoker, pulverised 
or gaseous fuel, or liquid fuel such as fuel oil, acid sludge, black liquor, etc. The solid 
fuels burned In Bailey Furnaces run from low grade lignites and colliery refuse through 
the range of bituminous coals to high grade anthracites. 

On the left are listed the Bailey Furnaces installed or on order to April 30, 
1935, which total 853. 

BABCOCK & WILCOX LIMITED 

BABCOCK HOUSE, 34 FARRINGDON STREET, LONDON, E.C.4 
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is a Westinghouse Metal Rectifier. Long Life; com¬ 
pletely reliable; no attention, maintenance or 
renewals; efficient; robust; no complicated parts; 
instantaneous starting and located in any convenient 
position without the need of elaborate foundations. 
Available in outputs from microwatts to kilowatts. 
Simplicity with security. 


METAL RECTIFIERS 

WESTINGHOUSE BRAKE » SIGNAL CO., LTD., 
83, YORK ROAD, KING’S CROSS, LONDON, N.L 


6-volt, 1,000-ampere Metal Rectifier for electro-plating. Similar 
equipments, with outputs up to 3,500 amperes, have been 
supplied to Morris Motors Ltd., and Pye Radio, etc., etc. 
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Conduit lids, cartridge fuses, telephone jack bodies manu¬ 
factured from “Castle” Fibre can be machined in our own 
extensive workshops if required. 

“Castle” Fibre is guaranteed in every respect. Every piece of 
material turned out, and every component part manufactured 
by us is guaranteed to conform to the standard of quality 
which has made “Castle” Fibre famous. Every piece has the 
same characteristic and machined work is carried out within 
extremely fine limits. 

“Castle” [Fibre is supplied in sheet, rod and tube for almost 
every electrical purpose or stampings and machinings can be 
carried out to your own specification. 

May we quotejor your next requirements? 

Samples and quotations free from obligation. 


Specify C. & H. Meters to make your metering 

safe and sure. 

Manufacturers: 

CHAMBERLAIN & HOOKHAM LTD. 

SOLAR WORKS. BIRMINGHM 

London Office and Test Rooms: Magnet House, Kingsway, W.C.2 


VUieaNISED; 

GUILDFORD -SURREY- ENGLAND-Wi 


'GRAMS :''VULCANISEI:D: GUILDFORD 
'PHONE :SHALFORD 199 AND 200 




LTD. 


C&H 
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The world's muster TESTING INSTRUMENT 


THE 36 -RANGE 
UNI VERSAL 



■ m 

Eeffd. Trade Marl 


All A.C- &D.C. Testing—Current, Voltage, Resistance 

with unparalleled Precision/ Simplicity! Ease! 

For efficient 8>nci accurate testing there is no equal to the famous 
Avometer. Unrivalled testing facilities are afforded by this one self- 
contained instrument. Following advance after advance, the Universal 
Avometer now gives all the 36 ranges of A.C, and I).C. readings 
shown in the tables, all readings being obtained without external 
shunts, multipliers or transformers. No matter what the future 
developments may be in apparatus used, the 36-range Avometer 
will remain the world’s most widely used testing instrument. 

WRITE FOR FULLY DESCRIPTIVE FOLDER 


36 RANGES WITH ONE INSTRUMENT 




D.C. RANGES 

A.C. RANGES 

Cunfent. 


Vbltace. 

Resistance. 

Current. 

Voltage. 

0-'l2 amps. 

0-1.200 volts. 

0-1 megohm. 

0-12 amps. 

0-1,200 volts. 

0-6 

0- 

600 

0-100,000 ohms. 

0- 6 ,, 

0- 600 .. 

0-1.2 

0- 

120 .. 

0- 10,000 „ 

0- 1.2,. 

0- 46u „ 

0- 600 m.a. 

0- 

60 .. 

0- 1,000 ., 

0- 0.6.. 

0- 240 .. 

0- 120 .. 

0- 

12 


0-120 miliiamps. 

0- 120 .. 

0- 60 

0- 

6 „ 


0- 60 ,. 
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‘‘RADIO SERVICING SIMPLIFIED”(RevisedandEnlarged) 

This Book gives a complete sun’^ey of radio testing in non- 2/0 
technical language. The testing of all modem valves and / 
every phase of fault-finding are explained m easy phraseology, or post 
Numerous diagrams. A Book that meets a long-felt need, free 2/9 




BRITISH MADE 


Also the 
Avometer 


22 - range D. C. 

I ^ ^ GNS. 

■VJiM3* Deferred terms if desired. 

THE AUTOMATIC COIL WINDER & 

ELECTRICAL EQUIPMENT CO., LTD. 

Winder House, Douglas St., London, S.W.I 

Telephone: Victoria 3404/7 



photographed at our 
Scottish Works before 
despatch. It is capable 
of handling 170,000 
c.f.p.m. at 3 "^ w.g., the 
mechanical efficiency 
being not less than 80 %. 
We have the specialised 
technical knowledge, 
wide experience and 
ample workshop facilities 
for making fans of all 
types and sizes for all 
purposes for whicli fans 
can be profitably em¬ 
ployed. 


KEITH 


BLACKI 


HEAD OFFICEI 

27, FARRINGDON AVENUE, LONDON. E.C.4 PHONES: CENTRAL 7091. GRAMS: JAMES KEITH. PHONE, LONDON 


A I 80-inch 

single-inlet 
Keith Mine 
Ventilating 
Fan Runner 


























Economy, in locks, entails the use only 
of the best—design, workmanship and 
materials—and the so-called “cheap” 
imitation of our patent is an expen¬ 
sive trouble. The M. & M. patent 
4 lever, rustless, self-locking 
meter lock is acknowledged 
to be the strongest and most 
secure on the market. Made 
specially for use on 
Meters. Not supplied to 
Ironmongers or the 
general public. 

Buy the best- 

and British 

H MiTPun I 0 on 
. IVIIIUntLL & uu. 

5, LEIGHTON ROAD 
KENTISH TOWN, N.W.5 


I.E.E. Journal Advertisements. 


NALDERS 

POWER 

CIRCUIT BREAKERS 

OPEN or ENCLOSED types 



Fitted with LOW VOLTAGE 
EARTH LEAKAGE TRIP 
if required 

Single, Double, and Triple Pole 
Fitted with TIME LAG if required 


NALDER BROS. & THOMPSON, LTD. 




iWcTiMJ 


Telephone: 

Telegrams: 

CLISSOLD 2365 

OCCLUDE, HACK, LONDON. 


REGISTERED 


tsm 


TRADE-MARK 


RESISTANCES 

FOR LABORATORY AND TEST-ROOM 

You cannot buy better 



Zenith Resistances of proved durability are in constant use 
and are giving every satisfaction in all parts of the world. 

CATALOGUE ON REQUEST 

Prompt DeliveHes—-Unequalled Sei«vice 

THE ZENITH ELECTRIC CO. LTD. 

Sole Makers of the well-known "Zenith’* Electrical Products. 

Coniractora to the Admiralty, War Office, Air Ministry, G.P.O., L.C.C., 

Zenith Works, Villiers Road, Willesden Green, London, N.W.2 
























































































































MARK 



• • • 



Products 


“SIROCCO” Centrifugal Cased Fans. 

“SIROCCO” Reversible Propeller Fans. 

“SIROCCO” & “Siroccofin” Air Heaters. 

“SIROCCO” Air Washers & Automatic 
Air Conditioning Units. 



“SIROCCO” Pneumatic Conveying Plant 
and Portable Pneumatic Conveyance 
Units. 


“SIROCCO” High Pressure & Cupola 
Fans. 





Sectional catalogues describing 
any of these manufactures 
sent on request. 


SIROCCO” Mine Ventilating Fans. 

“SIROCCO” Fans for Mechanical Draft. 

“SIROCCO” Steel Plate Fans. 

“SIROCCO” Wall Fans. 

“SIROCCO” Light Duty Fans. 

“DAVIDSON” patent Dust and 
Flue Dust Collectors. 

“AEROTO” patent Screw. Fans. 

(TRADE MARK) 


DAVIDSON & CO., LTD. 

Sirocco Engineering Works 

BELFAST NORTHERN IRELAND 

LONDON — MANCHESTER — GLASGOW — NEWCASTLE 
BIRMINGHAM — CARDIFF — BRISTOL — DUBLIN 









LOCAL CENTRES AND 

NORTH-WESTERN CENTRE. 

Chairman, —G. A, Cheetham. 

Hon, Secretary, — A. E. Jepson, Magnet House, Victoria 
Bridge, Manchester, 3. 

SCOTTISH CENTRE. 

Chairman. — Prof. F. G. Baily, M.A, 

Hon. Secretary. — J, Taylor, 1o 4, West George Street, Glas¬ 
gow, C.2. 

Hon. Assist. Secretaries. —H. N. Henniker, 172, Craigleith 
Road, Edinburgh, 

R. B. Mitchell, 53, Lauderdale Gardens, Hj'ndland, 
Glasgow, W.2. 

Dundee Sub-Centre, 

Chairman. —J. S. Lilly. 

Hon. Secretary. — P. Philip, c/o Electricity Supply Dept., 
Dudhope Crescent Road, Dundee. 

Hampshire 

Chairman. —P. G. Spary, M.Eng., B.Sc. 


Sm-OEl^mES—(Conimuei}. 

SOUTH MIDLAND CENTRE. 

Chairman. —W. Burton, M.Eng. 

Hon. Secretary. —H. Hooper, 65, New Street, Birmingham. 

Hon. Assist, Secretary. —R. H. Rawll, “ Clonsilla/’ 35, 
Park Hill Road, Harborne, Birmingham, 17. 

East Midland Sub-Centre. 

Chairman.—] . H. R. Nixon. 

Hon. Secretary. —J. F. Driver, 65, Middleton Road, Lough¬ 
borough. 

WESTERN CENTRE. 

Chairman. —R, Hodge, 

Hon. Secretary. — H. R. Beasant, 77, Old Market Street, 
Bristol, 2. 

West Wales (Swansea) Sub-Centre. 

Chairman. —R. G. Isaacs, M.Sc. 

Hon. Secretary. —R. Richards, 78, Glanbrydan Avenue, 
Swansea. 

Sub-Centre. 

Hon. Secretary. — A, G. Hiscock, 

25, Burbidge Grove, Southsea, Hants. 


INFORMAL MEETINGS. 

Chairman of Committee. —P. P. Wheelwright. 

METER AND INSTRUMENT SECTION. 

Chairman. — Prof. J. T. MacGregor-Morris. 


TRANSMISSION SECTION. 

Chairman. —R. Borlase Matthews. 

W XJK J l i i M J K i Q O dJtuv/JLxU^iM « 
Chairman. —S. R. Mullard, M.B.E. 


LOCAL COMBOTTEES ABROAD. 


AUSTRALIA. 

New South Wales. 

Chairman. —E. F. Campbell, B.Eng. 

Hon. Secretary. —V. J. F. Brain, B.E., Chief Electrical Engineer, 
Department of Public Works, Phillip Street, Sydney. 

Queensland. 

Chairman and Hon. Secretary. —^W. M. L’Estrange, P.O. 
Box No. 546h, Boundary Street, Brisbane. 

South Australia. 

Chairman and Hon. Secretary, —F. W. H. Wheadon, Kelvin 
Building, North Terrace, Adelaide. 

Victoria and Tasmania. 

Chairman and Hon. Secretary. — H. R. Harper, 22-32, 
William Street, Melbourne. 

Western Australia. 

Chairman. —J. R. W. Gardam. 

Hon. Secretary —A. E. Lambert, B.E., 36, The Esplanade, 
South Perth. 

CEYLON. 

Chairman .— Major C. H. Brazel, M.C. 

Hon. Secretary. —G. L. Kirk, Stanley Power Station, 
Kolonnawa, Colombo. 


INDIA. 

Bombay. 

Chairman. —F. O. J. Roose. 

Hon. Secretary. —A. L. Guilford, B.Sc.Tech., Electric House, 
Post Fort, Bombay. 

Calcutta. 

Chairman. —F. T. Homan. 

Hon. Secretary. — K. G. Sillar, c/o Calcutta Electric Supply 
Corporation, Post Box 304, Calcutta. 

Lahore. 

Chairman. —Prof. T. H. Matthewman. 

Hon. Secretary. —H. F. Akehurst, B.Sc., c/o Messrs. Cab 
lender's Cable and Construction Co., Ltd., Forbes 
Building, Home Street, Fort, Bombay. 

NEW ZEALAND. 

Chairman. —F. T. M. Kissel, B.Sc. 

Hon. Secretary.—C. Selwood Plank, P.O. Box 749, Welling¬ 
ton, C.l. 

SOUTH AFRICA. 

Transvaal. 

Chairman and Hon, Secretary. —^W. Elsdon Dew, Box 4563, 
Johannesburg. 


LOCAL HONORARY SECRETARIES ABROAD 


ARGENTINE: R. G. Parrott, Avenida Pte. Roque Saenz 
Peha 636, Buenos Aires. 

CANADA: F. A. Gaby, D.Sc., Windsor Street Station, 
Montreal, Quebec. 

CAPE, NATAL, AND RHODESIA: G. FI. Swingler, City Elec¬ 
trical Engineer, Corporation Electricity Dept., Cape Town. 

FRANCE: J. Grosselin, 16, Boulevard Emile-Augier, 
Paris (16®). 

HOLLAND: A. E. R. Collette, Heemskerckstraat, 30, 
The Hague. 

INDIA: C. C. T, Eastgate, c/o Octavius Steel & Co., 14, 
Old Court Flouse, Calcutta. 

ITALY: L. Emanueli, Via Fabio Filzi, 21, Milan. 

JAPAN: 1. Nakahara, No. 40, Ichigaya Tanimachi, 
Ushigomeku, Tokib. 


NEW SOUTH WALES: V. J. F. Brain, B.E., Chief Electrical 
Engineer, Department of Public Works, Phillip Street, 
Sydney. 

NEW ZEALAND: C. Selwood Plank, P.O. Box 740, 
Wellington, C.l. 

QUEENSLAND: W. M. D'Estrange, P.O. Box No. 456 h, 
Boundary Street, Brisbane. 

SOUTH AUSTRALIA: F. W. H. Wheadon, Kelvin Building, 
North Terrace, Adelaide. 

TRANSVAAL: W. Elsdon Dew, Box 4563, Johannesburg. / 

UNITED STATES OF AMERICA: Gano Dunn, 43, Ex¬ 
change Place, New York City, N.Y. 

VICTORIA AND TASMANIA: H. R. Harper, 22-32, William 
■ Street, Melbourne, 

WESTERN AUSTRALIA: Prof. P. H. Fraenkel, B.E., 
The University of W'estern Australia, Crawley. 



LOHDOH. 

Chainnan ,— W. E. Butler. 


STUDENTS' SECTIONS. 

MERSEY AND NORTH WALES (LIYERPOOL). 
Chairman .— S . Bolsha w. 


Hon. Secretarv. —PI. M. Yells, 9, Milner Road, Thorn- Hon. Secretary. —J. F. Darwin, 3, Westmorland Road, 


ton Heath, Croydon, Surrey. ’ Southport. 

NORTH-WESTERN. SOUTH MIDLAND. 

Chairman .— J. E. L. Robinson. Chairman.—W. F. Baker. 

Hon. Secretary.—D. H. Thomas, 6, Springfield Road, Secretary. —W. O. Mawson, 5, Westminster Road, 

Altrincham, Cheshire. Selly Park, Birmingham. 

„ T, NORTH MIDLAND. 

Ciiatrnian. — H. T. Price. . t 


Hon. Secretary.~K. Bradshaw, M.Sc., Electrical En- 


Selly Park, Birmingham. 

NORTH MIDLAND. 

Chairman .— J. W. Ginn. 


gineermg 
gow, C. 1. 


De^t., Ro7aT Techhcai HSrege. Gla;- . Hon. Secretary a^^UB^ns. 22. St. Ann’s Mount 


NORTH-EASTERN, 

Chairman. —T. D. Oswald-. 


Burley Hill, Leeds, 4. 

SHEFFIELD. 

Chairman. —C. D. J. Statham. 


Ho?z. S^^«'^?/arv.—H. B.ToPHAM, 7, North View, Walls- Hon. Secretary.—K. Hopkinson, Daisy Bank, Killa- 

^ .... m « •% 


encl-on-Tyne, 


marsh, Sheffield. 


BRISTOL. 

Chairman .— F. Bowles. Hon. Secretary. — P. S. Robson, 22, Oakfield Grove, Clifton, Bristol. 


AN APPEAL 

TO MEMBERS FOR 

THE I.E.E. BENEVOLENT FUND. 

There are many members and former members of the 
Institution who are finding life difficult. Please help 
them by sending an annual subscription or a donation 
to the I.E.E. Benevolent Fund. 

The object of the Fund is: “ To afford assistance to 
necessitous members and former members (of any class) 
of the Institution of Electrical Engineers who have paid 
their subscription for at least five years consecutively or 
compounded therefor, and to the dependants of such 
members or former members.” 

Subscriptions and Donations should be addressed to 

THE HONORARY SECRETARY,. THE BENEVOLENT FUND, 
THE INSTITUTION OF ELECTRICAL ENGINEERS, 

SAVOY PLACE, W.C.2. 


LOCAL HON. TREASURERS OF THE FUND. 

Irish Centre: T. J. Monaghan. North-Eastern Centre: ¥, G. C. Baldwin. North Midland Cent/. . 
T. B. Johnson. SheffieldSuh-Centre: W. E. Burnand. North-Western Centre: T. E. Herbert. Alerscy 
and North Wales {IJverpooI) Centre: L. Br-EACh. Scottish Centre: (Glasgow) A. Lindsay; (Edmh/rgh) 
D. S. Munro. Dundee Sub-Centre: P. Pfiilip. South Midland Centre: W. Y. Anderson. VCestern 
Centre: (Bristol) E. P. Knill; (Cardiff) T. E. Lewis. Hampshire Sub-Centre: H. J. Grapes. 
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